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ABSTRACTS 


DESIGN  ASSESSMENT 

This  GTE  Final  Report  for  a  Frequency  Hopping  Multiplexer  (FHMUX) 
Design  Assessment  completes  a  12  month  study  to  investigate  its 
concept  and  feasibility.  This  report  develops  and  explains  an 
approach  to  permit  the  operation  of  up  to  five  frequency  hopping 
transceivers,  in  the  30  to  88  MHz  frequency  range,  with  a  common 
wideband  antenna. 

The  results  of  the  study  are  positive.  The  FHMUX  can  perform  as 
desired  and  also  enhance  certain  transceiver  performance  parameters 
such  as  broadband  transmitter  noise  rejection,  more  constant 
transmitter  loading,  and  increased  receiver  selectivity.  These 
positive  results  should  encourage  the  design  and  development  of  an 
advanced  engineering  model. 

This  report  is  supported  by  a  Reference  Document  which  discusses 
work  performed  early  in  the  FHMUX  program. 

FEASIBILITY  MODEL 

This  GTE  Final  Report  completes  a  successful  program  to  prove  the 
design  concept  and  demonstrate  equipment  feasibility  for  a  VHF 
Frequency  Hopping  Multiplexer  (FHMUX).  This  is  a  continuation  of  the 
FHMUX  Design  Assessment  program. 

The  results  of  the  program  are  positive.  The  FHMUX  will  perform 
as  required  and  also  enhance  certain  transceiver  performance 
parameters  such  as  broadband  transmitter  noise  rejection,  more 
constant  transmitter  loading,  and  increased  receiver  selectivity. 

These  positive  results  should  encourage  the  design  and  development  of 
an  FHMUX  advanced  engineering  model. 
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SECTION  1 


INTRODUCTION 


1.1  PROGRAM  DESCRIPTION 

This  Final  Report  describes  the  evaluation  and  final  design 
assessment  of  a  frequency  hoppable  multiplexer  (FHMUX)  to  operate  in 
the  30-88  MHz  frequency  range. 

Three  Quarterly  Reports  have  preceded  this  Final  Report.  The 
first  Quarterly  Report  describes  initial  concepts  and  system  concepts 
for  both  single  and  dual  antenna  systems.  The  dual  antenna  system 
provides  separate  antennas  for  transmitting  and  receiving,  whereas  the 
single  antenna  scheme  multiplexes  the  transmitters  and/or  receivers  on 
a  single  antenna.  Preliminary  work  indicates  antenna  VSWR  as  a 
possible  problem  area. 

The  Second  Quarterly  Report  describes  the  continued  investigation 
of  system  concepts  and  preliminary  hardware  implementation.  A  Bit 
Error  Rate(BER)  performance  analysis  was  initiated.  (This  final 
report  concludes  this  BER  analysis  and  takes  into  account  the 
transmit-receive  duty  cycle.)  The  Second  Quarterly  Report  analyzes  the 
antenna  system  and  its  effect  on  the  FHMUX,  and  justifies  the 
selection  of  a  single  antenna  system. 

The  Third  Quarterly  Report  provides  introductory  hardware  design 
concepts  for  the  helical  resonator  and  the  shunt  capacitive  bus  used 
to  tune  the  resonator.  A  third  means  of  channel  combining  was 
introduced  which  was  soon  recognized  to  be  superior  to  the  others. 

This  Final  Report  summarizes  the  successes  and  failures  of  the 
previous  work.  As  noted,  the  BER  analysis  is  completed.  Also,  new 
work  is  introduced  to  justify  the  final  system  configuration. 

1.2  REPORT  ORGANIZATION 

This  Final  Report  is  intended  to  be  a  stand  alone  document  which 
describes  the  full  thrust  of  the  FHMUX  design  assessment,  and  the 
logical  flow  of  the  task.  It  is  however,  supported  by  a  Reference 
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Document  containing  Appendices  h,  B,  C,  and  D,  which  are  referred  to 
in  the  main  text.  These  Appendices  describe  work  performed  early  in 
the  program.  The  report  is  organized  as  shown  below: 

Section  2  -  Decision  to  specify  a  single,  rather  than  a  dual  antenna 
system 

Section  3  -  System  studies  and  BER  analysis 
Section  4  -  BER  performance  of  the  PHMUX 
Section  5  -  Evaluation  of  hardware  configuration 
Section  6  -  Comment  and  recommendation 
Section  7  -  Bibliography 
Appendix  E  -  Resonator  Study 

Appendix  F  -  Shunt  Capacitance  Binary  Bus  Design 
Appenaix  G  “  Blockage  Rate  of  the  FHMUX 
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SECTION  2 


JUSTIFICATION  OF  A  SINGLE  ANTENNA  SYSTEM 

2.1  TRADEOFFS  BETWEEN  SINGLE  AND  DUAL  ANTENNA  APPROACHES 

Tradeoffs  between  single  and  dual  antenna  approaches  were 
conducted;  the  single  antenna  approach  was  selected.  This  section 
contains  the  reasons  for  not  selecting  the  dual  antenna  solution.  The 
basic  dual  antenna  block  diagram  and  various  circulator  multiplexing 
schemes  are  shown,  the  results  of  a  circulator  literature  search,  and 
a  circulator  specification  are  discussed.  Also  included  are 
preliminary  RF  switching  considerations. 

2.2  BLOCK  DIAGRAM  DISCUSSION 

Figure  2-1  shows  the  Dual  Antenna  System  Simplified  Block 
Diagram.  This  circuit  will  take  advantage  of  circulator  techniques  to 
eliminate  any  tuned  circuits  for  the  combining  of  the  transmitters  to 
a  single  antenna.  Since  the  inherent  characteristics  of  ferrite 
circulators  prevent  reciprocity,  a  second  antenna  and  filter 
multiplexer  must  be  used  for  the  receiving  mode.  As  shown  in  Figure 
2-1,  this  dual  antenna  scheme  requires  a  T/R  controlled  switching 
system  to  separate  the  transmitted  and  received  signals  for  routing  to 
the  correct  multiplexer.  A  description  of  these  circulator  circuit 
techniques  is  given  in  Appendix  A.  Appendix  B  discusses  the  reasons 
for  the  elimination  of  the  dual  antenna  system  (see  Reference 
Document) . 

2.3  DUAL  ANTENNA  APPROACH  CONCLUSIONS 

.  The  FHMUX  Design  Assessment  program  plan  calls  for  a 

decision  regarding  the  selection  of  a  single  or  dual  antenna 
system  to  be  made  during  the  midpoint  of  the  program.  The 
remaining  time  in  the  project  will  be  spent  assessing  and 
refining  the  surviving  system.  At  the  time  of  the  decision, 
the  load  Insensitive  quadrature  coupled  combining  scheme 
described  later  herein  was  not  yet  under  consideration. 
Antenna  loading  was  then  considered  to  be  a  major  problem 
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area,  and  a  high  powered  linear  amplifier  was  considered  as 
a  buffer  amplifier  and  channel  combiner  to  isolate  the 
antenna  from  the  filters.  Because  of  the  large 
amount  of  dc  power  required,  and  the  need  for  excellent 
amplifier  linearity,  this  version  of  the  dual  antenna  scheme 
was  discarded 

GTE  has  also  concluded  that  ferrite  devices  will  not  be 
available  for  a  30-88  MHz  dual  antenna  FHMUX 

The  dual  antenna  concept  was  set  aside.  Later,  a  quadrature 
coupler  channel  combining  scheme  was  developed  which  was 
insensitive  to  changes  in  antenna  impedance.  This  scheme  is 
explained  in  Section  5  of  this  report,  and  is  used  in  the 
final  version  of  the  single  antenna  FHMUX 

A  dual  antenna  FHMUX  can  be  configured  to  use  this 
quadrature  combining  scheme  and  thus  eliminate  the  high 
powered  linear  amplifier 

This  "new"  version  of  the  dual  antenna  system  has  not  been 
assessed  in  detail.  However,  if  approximately  15  dB  of 
antenna  isolation  can  be  obtained,  a  very  flexible  system  is 
possible 

If  the  transmit  section  of  this  multiplexer  is  of  equal 
quality  as  the  single  antenna  design,  IMD  suppression 
will  be  the  same  as  that  of  the  single  antenna  system 

The  volume  and  weight  requirements  of  this  system  will 
be  almost  double  that  of  the  single  antenna  system,  if 
the  receiver  and  transmitter  sections  have  equal 
performance  capability.  Overall  system  insertion  loss 
will  be  slightly  higher  because  of  the  need  for  a 
transmit/receive  switch  for  each  transceiver.  Overall 
Bit  Error  Rate  performance  will  be  better  due  to  the 
approximate  15  dB  of  "built  in"  antenna  isolation, 
which  will  result  in  a  narrower  guard  band 

The  receiver  section  filtering  requirements  can  be 
reduced  if  improved  BER  performance  is  not  required. 


5 


For  this  case,  the  receiver  section  will  have  to 
withstand  about  one  to  two  watts  of  RF  power  without 
generating  excessive  IMD  products 

Because  of  the  complexity  and  size  of  this  system,  the 
single  antenna  system  as  described  later  on,  still  appears 
to  be  more  workable 

The  Dual  Antenna  FHMUX  really  seems  best  suited  for  separate 
receiver  and  transmitter  operation.  That  is,  the  driving 
transceivers  will  provide  direct  access  to  the  transmitters 
and  receivers  rather  than  an  additional  external  T/R  switch 

The  dual  antenna  system  may  be  the  basis  for  a  complete 
radio  system  rather  than  a  field  operated  unit.  The 
inherent  flexibility  of  this  system  will  tend  to  drive  its 
use  to  accommodate  five  or  more  sets  of  separate  receivers 
and  transceivers. 


SECTION  3 


SYSTEM  STUDIES  AND  BER  ANALYSIS 


3.1  INTRODUCTION 

This  section  is  concerned  vith  a  frequency  hopping  multiplexer 
which  combines  five  transceivers  with  a  single  antenna.  Discussed 
are:  the  original  proposed  block  diagram,  isolation  requirements, 

load  pulling  effects,  and  evaluation  of  the  BER  model. 


3.2  BLOCK  DIAGRAM  DISCUSSION 

The  preliminary  block  diagram  is  shown  in  Figure  3-1.  As  shown, 
this  implementation  is  a  single  broadband  system  using  quadrature 
coupled  tuned  filter  elements  in  both  the  transmiting  and  receiving 
path.  The  tuning  of  these  filter  elements  will  be  microprocessor- 
controlled  to  prevent  collisions  of  tranmissions  and  receptions  on  the 
same  frequency.  The  circuit  uses  the  unique  and  well  known  quadrature 
couplers  characteristics  of  always  presenting  a  50  ohm  impedance  match 
at  the  input  (or  output)  port.  Cascaded  special  purpose  RF  filters  are 
used  to  multiplex  the  RF  energy  to  the  antenna. 

If  a  transmitter  is  energized  and  the  quad  coupled  filters  are 
tuned  to  the  transmitter  frequency,  the  RF  energy  will  pass  through 
the  filters  with  only  slight  attenuation.  If  the  filters  inside  the 
quad-couplers  are  not  tuned  to  the  transmitter  frequency  but  are 
identically  tuned  to  each  other,  the  RF  energy  will  be  dissipated  in 
the  quad-coupler  terminating  resistor.  This  protects  the  transmitter 
and  permits  rapid  tuning  of  the  filters  without  the  need  to  shutdown 
the  transmitter. 

3.3  ISOLATION  REQUIREMENT 

The  design  assessment  stated  goal  is  to  achieve  system 
performance  equivalent  to  that  achieved  with  separate  antennas  spaced 
100  meters  apart.  Figure  3-2  shows  the  amount  of  isolation  required  by 
the  multiplexer  to  provide  thiu  equivalent  performance,  given  certain 
assumptions  regarding  antenna  gain  and  the  ground  plane.  As  shown. 
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the  required  isolation  appears  to  vary  from  31.6  dB  at  30  MHz  to 
41.0  dB  at  90  MHz.  However,  it  appears  that  a  more  realistic 
assumption  is  a  minimum  of  40  dB  isolation  between  any  two  channels 
spaced  +5%  apart,  across  the  full  30-88  MHz  bandwidth. 

3.3.1  IMP  Performance 

Figure  3-3  shows  that  when  two  transceivers  are  both  in  the 
transmit  mode,  and  separated  by  5%  in  frequency,  a.  zero  dBm 
interfering  signal  will  appear  at  the  output  of  both  transmitters. 

This  is  based  on  having  46  dB  of  isolation  between  channels.  The 
degree  of  transmitter  back  intermodulation  is  unknown  at  this  time, 
but  it  is  hoped  that  it  will  be  at  least  40  dB  below  the  interfering 
signal,  or  at  -40  dBm.  The  intermodulation  signal  (2F^-Fg,  or  2F^-Fj^) 
will  be  attentuated  by  an  additional  46  dB  as  it  travels  back  through 
the  filters.  Thus,  the  intermodulation  signals  will  be  at  a  level  of 
about  -86  dBm,  or  at  -132  dBc,  which  is  better  than  the  design  goal 
by  approximately  12  dB.  Thus,  it  appears  that  if  this  scheme  can  be 
designed  such  that  it  does  not  generate  excessive  IMD  products  of  its 
own,  it  can  greatly  improve  the  IMD  situation  in  the  field.  At  this 
time,  the  generation  of  IMD  products  in  the  single  antenna  system  will 
probably  concentrate  in  the  RF  switches. 

3.4  LOAD  PULLING  EFFECTS 

During  the  early  months  of  this  design  assessment,  lumped  element 
filters  were  considered  in  lieu  of  helical  resonators.  The  basic 
design  of  these  distributed  filters  lead  to  a  load  pulling  study.  The 
results  of  this  study  indicate  that  load  pulling  is  potentially  a 
severe  problem.  This  led  to  a  series  of  antenna  tuning  and 
calibration  schemes  which  complicates  the  FHMUX  design.  A  channel 
combining  scheme  has  been  chosen  to  obviate  the  need  to  measure  the 
antenna  and  compensate  for  the  impedance  variation.  The  lumped 
filter  evaluation  and  the  load  pulling  study  are  contained  in  Appendix 
C  of  the  Reference  Document. 


10 


Figure  3-3.  IMD  Analysis 


3.5  ANTENNA  STUDY 


Results  of  the  load  pulling  study  caused  concern  over  the 
workability  of  the  PHMUX  concept.  This  concern  was  removed  upon 
selection  of  an  RF  configuration  which  was  rather  insensitive  to 
antenna  impedance  variation.  However,  the  early  concern  over  the 
antenna  impedance  led  to  detailed  study  of  the  antenna  proposed  for 
use  with  the  PHMUX.  Also,  it  was  learned  that  operation  with  other 
antennas  was  desired.  The  antenna  study  and  results  are  found  in 
Appendix  D  of  the  Reference  Document. 

3.6  ANTENNA  COMPENSATION 

At  the  completion  of  the  antenna  study,  the  final  channel 
combining  scheme  was  still  unknown,  and  antenna  compensation  was  an 
important  issue.  A  study  was  begun  to  determine  the  best  means  of 
antenna  compensation,  and  an  operational  scenario  was  written.  These 
are  contained  in  Section  D-4  through  D-10  of  Appendix  D. 
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SECTION  4 


BIT  ERROR  RATE  PERFORMANCE  OF  THE  FHMUX 

4.1  INTRODUCTION 

This  section  deals  with  the  overall  (BER)  performance  of  a 
complete  system,  i.e.,  the  FHMUX,  and  an  array  of  SINCGARS 
transceivers.  It  is  shown  that  the  system  BER  is  not  only  affected  by 
the  FHMUX,  but  is  also  affected  by  the  transceiver's  characteristics 
such  as  receiver  selectivity,  transmitter  noise  floor,  and  the 
transmi t-receive  duty  cycle. 

The  FHMUX  affects  the  BER  by  shutting  down  a  particular  channel 
when  the  channel  falls  on  or  inside  the  guard  band  of  a  higher 
priority  channel.  This  is  termed  self-blocking. 

A  reference  system  is  defined,  serving  as  a  basis  for  comparison 
for  the  BER  performance  of  the  FHMUX. 

Finally,  the  results  of  the  BER  analysis  are  used  to  define  a 
practical  set  of  FHMUX  system  parameters,  from  which  a  hardware 
oriented  system  design  assessment  can  evolve. 

4.2  DERIVATION  OF  A  REFERENCE  SYSTEM 

Discussion  of  the  (BER)  performance  of  the  FHMUX  may  lead  to 
false  conclusions  unless  the  FHMUX  performance  is  compared  to  a 
reference  system.  Such  a  reference  system  is  shown  in  Figure  4-1. 

As  shown,  the  main  transceiver  and  antenna,  TRl,  is  located  in 
the  center  of  a  circle  with  a  100  meter  radius.  There  are  four  sets 
of  transceivers  and  antennas  (TR  2,  3,  4,  and  5)  equally  spaced  around 
the  circle.  Transceiver  and  antenna  TR6  is  located  at  the  maximum 
SINCGARS  range  from  TRl,  and  TR6  is  transmitting  to  TRl.  Transceivers 
TR2-TR5  are  transmitting  to  units  other  than  TRl  or  TR6. 

The  100  meter  spacing  automatically  provides  the  40  dB  isolation 
discussed  in  the  system  specification.  Analysis  of  this  system  will 
provide  the  dB  ratio  of  the  desired  (TR6)  to  the  undesired  (TR2-5) 
signals,  and  provide  a  baseline  for  the  BER  analysis  of  the  FHMUX. 


AT  SHORT  OR 

long  ranges 


7136-82 


TR4 


Figure 


4-1.  Reference  System 


Path  loss  calculation  for  100  meters,  and  for  SIMCGARS  short  and 
long  ranges  are  tabulated  below  in  Table  4-1  These  are  based  on  use 
of  free  space,  isotropic  radiators,  i.e.,  all  antennas  are  alike. 


TABLE  4-1  PATH  LOSS  DATA 


Frequency 

Path  Loss,  at 

SINCGARS  Short 

SINCGARS  Long 

100  meters 

Range 

Range 

(MHz) 

(dB) 

(dB) 

(dB) 

30 

-42 

-124 

-144 

88 

-52 

-133 

-155 

By  subtracting  the  100  meter  path  loss  shown  in  Table  4-1  from 
the  short  and  long  range  path  losses,  the  ratio  of  undesired  to 
desired  signal  level  (S2/SD) ,  can  be  found.  These  are  listed  in 
Table  4-2. 

TABLE  4-2  RATIO  OF  UNDESIRED  TO  DESIRED  SIGNALS 


Frequency 

SINCGARS 

SINCGARS 

Short  Range 

Long  Range 

(MHz) 

(dB) 

(dB) 

30 

82 

102 

80 

81 

103 

An  initial  observation  is  that  frequency  effects  only  account  for  a 
one  dB  variation,  thus  are  considered  insignificant. 

An  extrapolated  plot  of  the  SINCGARS  specified  frequency  offset 
performance  is  plotted  in  Figure  4-2,  along  with  the  data  from  Table 
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TABLE  4-3  MINIMUM  SPACING  VS.  FREQUENCY 


Frequency 

Minimum  Spacing 

(MHz) 

(Percent  of  Center  Frequency) 

Short  Range 

Long  Range 

30 

.53 

1.87 

80 

.20 

0.70 

4-2  (Points  A  and  B) .  In  terms  of  SINCGARS  present  bandwidth,  the 
minimum  frequency  spaclngs  are  tabulated  in  Table  4-3. 

Thus,  at  short  range,  the  four  transceivers  can  transmit  within 
.53%  of  TRl  at  the  low  end  of  the  band,  and  to  within  0.2%  at  the  high 
end  of  the  band.  Also,  at  long  range,  the  four  transceivers  can 
transmit  to  within  1.87%  at  the  low  end,  and  0.7%  at  the  high  end. 

4.3  FHMUX  SELF  BLOCKING 

In  the  operation  of  the  FHMUX,  if  two  transceivers  frequency  hop 
to  the  same,  or  nearly  the  same  frequency,  one  or  both  channels  can  be 
blocked,  thus  impairing  or  preventing  operation. 

Blockage  can  be  caused  by  several  mechanisms:  broadband 
transmitter  noise,  and/or  transmitter  RF  power  desensitizing  the 
transceiver  receiver  front  end.  Intermodulation  problems  can  also 
cause  channel  blockage. 

When  two  or  more  transceivers  frequency  hop  to  the  same  or  nearly 
the  same  frequency,  the  FHMUX  will  automatically  shut  down  one  or  more 
of  its  channels,  according  to  some  priority  scheme.  The  rationale  for 
this  action  is  that  the  more  Important  channel  roust  be  kept  open,  and 
this  is  preferred  to  having  both  channels  desensitized.  When  the 
FHMUX  channel  is  shut  down,  the  action  is  called  self  blocking  and  the 
BER  of  the  self  blocked  channel  will  increase  to  some  degree. 

Section  4.3.1  describes  the  model  of  the  multiplexer  used  to 
perform  blockage  calculations.  Section  4.3.2  describes  the  model  of 


the  four-port  coupler  which  is  the  fundamental  iterative  unit  of  the 
multiplexer.  Section  4.4  covers  the  bit  error  rate  simulation  model 
which  was  used  to  estimate  multiplexer  performance. 

4.3.1  An  FHMUX  Model 

Figure  4-3  illustrates  a  simplified  five-channel  FHMUX.  As  shown, 
each  transceiver  is  numbered  and  paired  with  a  correspondingly 
numbered  four-port  coupler;  the  transceiver  and  the  coupler  are 
frequency  hopped  to  the  same  frequency  at  the  same  time.  The  timing 
of  the  frequency  hops  between  transceivers  may  or  may  not  be 
synchronized,  but  the  transceiver-FHMUX  channel  similarly  numbered 
pairs  must  be  synchronous  to  each  other.  There  are  two  priority 
approaches,  fixed  and  rotating. 

Figure  4-3  shows  a  possible  fixed  priority  channel  arrangement. 
Each  FHMUX  channel  (1-5) ,  is  assigned  a  different  priority  (A-E) ,  with 
A  as  the  highest  priority,  B  next  highest,  etc.  With  the  grouping 
shown,  Channel  3  can  never  be  self  blocked,  Channel  4  can  only  be  self 
blocked  by  Channel  3  when  these  two  channels  are  too  close  to  each 
other's  frequencies,  and  so  on. 

The  concept  of  the  revolving  priority  scheme  is  also  shown  in 
Figure  4-3,  The  FHMUX  channels  are  assigned  priorities  in  a  revolving 
manner  as  shown.  The  "direction  of  rotation"  and  the  order  of 
priorities  on  the  channels  is  arbitrary.  As  shown,  initially  Channel 
1  has  priority  A,  Channel  2  has  priority  E,  etc.  As  the  wheel  rotates 
(clockwise  for  this  example),  Channel  1  will  be  assigned  priority  B, 
Channel  2  will  have  priority  A,  Channel  3  will  have  priority  E,  and  so 
on.  Following  sections  will  help  to  define  the  effect  of  FHMUX  self 
blocking  on  channel  BER. 

Returning  to  the  fixed  priority  system  as  shown  in  Figure  4-3, 
Transceiver  3  has  the  highest  priority;  when  in  the  transmit  mode  it 
can  block  any  or  all  of  the  transceivers  from  receiving  any  remote 
transmitter,  or  from  transmitting  to  any  remote  receiver,  if  the  RF 
frequencies  of  concern  are  too  close.  Transceiver  4  has  the  second 
highest  priority;  when  in  the  transmit  mode  it  can  cause  self  blocking 
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o£  Channels  1,2,  and  5,  and  can  only  be  blocked  by  Channel  3.  As 
shown,  the  lowest  priority  is  assigned  to  Channel  5.  Thus,  Channel  5 
can  be  blocked  from  receiving  or  transmitting  by  any  of  the  other 
channels,  if  the  frequencies  of  interest  are  too  close.  Subsequent 
sections  will  discuss  the  effects  of  the  transceivers  transmit/re''eive 
duty  cycles  on  these  two  priority  schemes. 

The  following  observations  show  that  time  synchronization  of  the 
frequency  hops  is  not  required  for  either  priority  scheme.  In  a 
non-synchronized  system,  the  blocked  condition  can  last  for  some 
partial  or  full  hop  duration,  but  does  not  exceed  a  hop  duration.  In 
a  synchronized  system,  the  blocked  condition  will  last  for  exactly  one 
hop  duration. 

Self  blockage  will  occur  when  two  or  more  transceivers  hop  to  the 
same,  or  nearly  the  same  frequency.  “Nearly  the  same,"  means  that  the 
frequencies  of  interest  are  within  the  -40  dB  bandwidth  of  the  highest 
priority  channels  four-port  coupler  tuning  circuit.  If  self  blocx- 
ing  were  not  to  occur,  an  active  transmitter  could  deliver  sufficient 
RF  carrier  power  and/or  broadband  noise  to  desensitize  a  receiver.  If 
the  receiver  is  completely  desensitized  for  the  time  duration  of  the 
blockage,  the  transceiver  data  decisions  (in  a  digital  data  mode) ,  are 
randomly  in  error.  That  is,  the  resulting  BER  is  0.5  for  the  dura¬ 
tion  of  the  desensitization  period. 

It  is  important  to  under  tand  that  desensitization  of  a  higher 
priority  channel  is  prevented  by  inducing  self  blockage  upon  a  lower 
priority  channel.  The  increase  in  BER  caused  by  this  PHMUX  self 
blockage  is  inflicted  only  on  the  lower  priority  channel  or  channels. 
If  the  average  probability  of  self  blockage  is  known,  then  the  average 
BER  is  one  half  the  probability  of  self  blockage,  provided  that  the 
blocked  receiver  makes  no  bit  errors  when  not  blocked,  and  incurs  a 
bit  error  rate  of  one  half  when  blocked. 

4.3.2  Four-Port  Coupler  Model 

Figure  4-4  shows  a  typical  FHMUX  four-port  coupler  in  detail.  A 
mathematical  analysis  of  these  90°  hybrid  coupled  filters  is  given  in 
a  later  section. 
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The  letter  designations  used  on  the  four  coupler  ports  follow 
those  used  in  Figure  4-3. 

As  shown,  the  transceiver  connected  to  Port  B  is  in  the  transmit 
mode,  and  delivers  unit  RF  power  at  frequency  f2  into  Port  B.  When 

the  90°  hybrids  and  the  tuned  circuits  tuned  to  f,  are  ideally 

2  ^ 
balanced,  |r|  of  the  power  incident  upon  Port  B  is  available  to  the 

antenna  at  Port  D.  The  factor  ^  is  the  reflection  coefficient  of  the 

circuits  tuned  to  fj^  at  the  f2  frequency.  Since  the  tuned  circuits 

are  not  tuned  to  the  Port  B  RF  frequency  of  f2f  the  reflection 

coefficient  r  is  very  high,  and  most  of  the  Port  B  signal  f2  is  indeed 

coupled  to  the  antenna.  This  action  is  fully  described  in  Section  5.6 

of  this  report.  Also,  the  quantity  (1  -  h 1  )  is  absorbed  into  the 

resistive  termination  at  Port  C.  A  benefit  of  these  90°  hybrid 

coupled  circuits  is  that  this  (1  -  IT)  )  power  is  almost  complet-'ly 

absorbed  by  the  Port  C  termination,  and  not  allowed  to  feed  back  into 

the  Port  A  transceiver  tuned  to  fj^. 

The  previous  analysis  assumes  that  the  antenna  circuit  presents  a 
perfect  Impedance  match  to  Port  D.  However,  the  antenna  will  usually 
present  some  mismatch  to  Port  D,  resulting  in  some  value  of  reflection 
coefficient.  Figure  4-4  shows  a  simple  two-channel  FHMUX,  with  the 
tuned  circuits  tuned  to  fj^,  and  the  transceiver  tuned  to  f2  delivering 
unit  power  at  f2  to  Port  B.  The  reflection  coefficient  of  the  antenna 
circuit  at  frequency  f^  will  be  different  than  that  of  frequency  f2* 
For  this  discussion,  we  are  concerned  with  the  antenna  reflection 
coefficient  at  frequency  f2,  defined  now  as  rA2.  Because  of  ^A2f  HF 
power  at  frequency  f2  is  reflected  from  the  antenna,  back  into  Port  D, 
and  some  of  this  power  will  exit  Port  A  and  enter  Transceiver  A  (which 
is  still  tuned  to  f|^).  As  noted,  the  reflection  coefficient  of  the 
filters  (at  the  f2  frequency) ,  is  r . 

The  amount  of  unit  f'ower  from  the  transceiver  at  f2  which  is 
coupled  to  the  antenna,  and  then  reflected  back  to  Port  D,  and  then 
coupled  further  to  Port  A  Is  defined  below. 

Unit  RF  Power 

Out  of  Port  A  «  |rA2l^  •  II'P  •  (1  -  (A) 
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The  antenna  specified  for  use  with  the  FHMUX  (refer  to  Appendix  D 
of  the  Reference  Document)  has  a  maximum  specified  reflection 
coefficient  of  0.25,  which  corresponds  to  a  return  loss  of  6  dB. 

Thus,  if  r  is  0.25,  the  f^  power  reflected  back  to  Port  D  from  the 
antenna,  is  6  dB  below  the  f^  power  incident  upon  the  antenna. 
Referring  now  to  Equation  A,  the  factor 

(1  -  lr|2)  (B) 

now  represents  the  proportion  of  incident  f2  power  which  will  pass 

through  the  fj^  tuned  filters.  In  a  working  FHMUX  system  the  frequency 

f2  will  be  such  that  the  term  (Equation  B)  above  results  in  an 

attenuation  of  no  less  than  40  dB  for  the  Transceiver  B  f2  signal. 

Therefore,  the  B  to  A  worst  case  coupling  is  a  result  of  the  antenna 

mismatch  (FA^) ,  and  has  a  design  value  of  6  +  40,  or  46  dB.  As  noted, 
2  ^ 

(1  -  I  FI  )  of  the  f2  power  incident  upon  Port  B  is  dissipated  in  the 
Port  C  resistive  termination,  and  this  value  is  held  to  about  -40  dB 
below  the  f2  power  incident  on  Port  B.  There  is  at  least  25  dB 
isolation  between  Ports  A  and  C  because  of  the  directivity  of  the  90® 
hybrid.  Thus,  the  only  remaining  B  to  A  coupling  path  is  from  Port  B 
to  Port  C  to  Port  A,  and  it  has  a  value  of  at  least  -(40+25)  dB.  Thus 
the  worst  case  B  to  A  couping  path  is  caused  by  the  antenna  mismatch. 

As  discussed  in  a  later  section,  a  SINCjARS  receiver  connected  to 
Port  A  will  be  desensitized  if  a  SINCGARS  transmitter  operating  into 
Port  B  does  not  have  its  signal  level  reduced  by  at  least  46  dB  when 
it  reaches  Port  A  (is  within  the  -40  da  bandwidth  criterion;  that  is, 
with  less  than  46  dB  of  isolation  between  Port  B  and  Port  A). 

The  condition  of  the  transceiver  at  B  in  transmit,  and  the 
transceiver  at  A  in  receive,  is  the  worst  case  regarding  degradation 
of  transceiver  pv^rformance  due  to  the  multiplexer.  Alternate  sources 
of  degradation  are  less  severe  because  they  occur  less  often.  The 


coupling  from  Port  A  to  Port  B  is  zero  with  ideally  balanced  90^ 
hybrids  and  filters.  Thus  the  transceiver  at  (when  transmitting) r 
will  not  disable  a  receiving  transceiver  connected  to  Port  B. 

The  worst  case  or  most  probable  condition  occurs  when  B  transmits 
within  the  -40  dB  coupler  bandwidth  and  desensitizes  reception  at  A. 
This  event  exhibits  a  higher  probability  of  occurrence  than  other 
sources  of  performance  degradation.  For  example,  the  transmitter 
power  from  B  is  dissipated  in  the  terminating  resistor  at  C  when  £2  is 
within  the  -3  dB  bandwidth  of  fj^.  Being  within  the  -3  dB  bandwidth 
has  a  lower  probability  of  occurrence  than  being  within  the  -40  dB 
bandwidth.  Hence  the  latter  can  be  treated  as  worst  case  or  most 
probable  degradation. 

As  further  amplification  on  probability  occurrence,  consider  the 
hypothetical  perfectly  balanced  multiplexer  system.  All  of  the  power 
output  from  Transceiver  A  is  delivered  to  the  antenna,  and  all  of  the 
power  received  by  and  outputted  from  the  antenna  due  to  a  remote 
transmitter  on  Transceiver  A's  frequency  is  delivered  to  Transceiver 
A.  Regarding  Transceiver  B,  the  transmit  power  delivered  to  the 
antenna,  and  the  receive  power  from  the  antenna  is  attenuated  by  the 
factor  1^1^,  due  to  the  multiplexer.  The  attenuation  due  to  irp,  is 
only  significant  if  Transceiver  B  is  operating  within  the  -3  dB 
bandwidth  of  the  coupler  tuning  circuit  (Irl  is  then  less  than  -3 
dB) .  This  -3  dB  bandwidth  is  narrower  than  the  -40  dB  bandwidth,  thus 
the  probability  of  operating  within  the  -3  dB  bandwidth  is  much  lower 
and  therefore  less  restrictive  on  system  operation. 

4.4  THE  BER  MODEL 

In  order  to  assess  PHMUX  performance,  an  operating  system  was 
simulated  using  a  computer  program.  The  simulated  system  consisted  of 
a  multiplexer  with  five  transceivers.  The  transceivers  are  capaole  of 
25  KHz  channelization  and  operate  over  the  30-88  MHz  frequency  range. 
Each  transceiver  operates  in  an  independent  radio  net.  Thus,  each 
transceiver  hops  independently,  and  may  occasionally  hop  to  the  same, 
or  nearly  the  same  RF  frequency  as  one  or  more  of  the  other 
transceivers. 
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When  the  model  is  exercised,  certain  parameters  (described 
below) ,  must  be  inputted  to  the  model.  The  time  period  over  which  the 
model  is  exercised  can  be  set  to  any  value.  For  the  results  reported 
here,  the  exercise  duration  was  set  at  20,000  random  hop  frequencies. 

The  probability  of  co- occupying  the  same  or  nearly  the  same 
frequency  (the  average  blockage  rate)  is  calculated  as  the  number  of 
times  that  the  blockage  event  occurs  divided  by  20,000,  which  is  the 
total  number  of  events  in  the  exercise. 

A  detailed  explanation  and  justification  of  the  computer 
simulation  is  given  in  Appendix  G. 

Table  4-4  illustrates  the  results  for  some  simulated  conditions. 
The  lefthand  column  expresses  the  -40  dB  bandwidth  at  various  per¬ 
centages  of,  the  tuning  circuit  frequency.  This  is  one  of  the  para¬ 
meters  of  the  model.  Although  multiplexer  performance  in  terms  of 
reduced  blockage  improves  as  this  bandwidth  is  narrowed,  implementa¬ 
tion  of  the  real-life  hardware  equivalent  becomes  successively  more 
difficult  with  narrower  bandwidth. 

The  tabulated  results  are  for  the  fixed  priority  system  defined 
earlier.  The  top  row  of  the  table  lists  the  transceiver  number  or  user 
number.  The  tabulated  entries  are  the  probability  (expressed  as  a 
fraction)  that  the  indicated  transceiver  is  blocked  by  another  trans¬ 
mitter  co-occupying  a  frequency  within  the  indicated  -40  dB  bandwidth. 

In  the  fixed  priority  system.  Transceiver  1  is  never  self-blocked, 
so  the  entries  in  that  column  are  zero.  For  Transceiver  2  at  a  coupler 
bandwidth  of  +/-5%,  there  is  a  probability  of  10.07%  of  Transceiver  2 
being  blocked  (but  only  by  Transceiver  1)  on  any  frequency  hop. 

For  the  indicated  probabilities  to  apply,  several  events  must 
occur  simultaneously: 

.  The  indicated  transceiver  is  receiving  a  sensitivity  level 

signal  from  a  distant  transceiver  transmitting  in  its  own  net 

.  Other  FHMUX  collocated  transceivers  with  lower  transceiver 
numbers  (higher  priority)  are  simultaneously  transmitting  in 
their  own  nets 
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TABLB  4-4.  AVERAGE  BLOCKAGE  RATE  (EXPRESSED  AS  A  FRACTION) 

VS.  40  dB  PERCENTAGE  (OP  USER  OPERATING  FREQUENCY) 
BANDWIDTHS.  EXPRESSED  UNDER  WORST  CASE  FIXED 
PRIORITY  CONDITIONS 


-40  dB  BW 
(percent) ) 

User 

Number 

1 

User 

Number 

2 

User 

Number 

3 

User 

Number 

4 

User 

Number 

5 

+5 

0 

0.10070 

0.18895 

0.26705 

0.33660 

+2.5 

0 

0.04960 

0. 09655 

0.14170 

0.18500 

+  X 

0 

0.02015 

0.03865 

0.05810 

0.07805 

+0.5 

0 

0.00965 

0.01930 

0.02955 

0.03900 

Probability 

d2 

D^ 

D** 

D^ 

I£  these  events  are  treated  probabilistically  then  the  entries  in 
the  bottom  row  of  the  table  apply.  For  those  entries,  it  is  assumed 
that  there  is  a  duty  cycle,  D  (probability  of  a  transceiver  being  in 
the  transmit  mode)  that  has  the  same  value  for  all  transceivers.  For 
user  number  5,  for  example,  the  indicated  blockage  rate  applies  when  a 
remote  transceiver  in  its  net  is  transmitting  and  local  transceivers  1 
to  4  are  simultaneously  transmitting.  This  requires  five  transceivers 
(four  in  the  FHMUX,  plus  the  remote  transceiver)  to  be  on  the  air 
simul¬ 
taneously.  If  all  of  these  active  transmitters  are  independently 
operating,  with  probability  D,  then  the  joint  event  has  a  probability 
of  D^.  For  example:  if  the  average  transmitter  duty  cycle  is  10%,  then 
the  average  blockage  rates  tabulated  for  user  5  occur  with  a  proba¬ 
bility  of  10  That  is,  user  5  is  rarely  blocked  with  the  indicated 

blockage  rate. 

To  expand  on  this  thought.  Table  4-5  reformulates  the  average 
blockage  rates  for  user  number  5  only.  For  the  tabulated  entries,  a 
fixed  priority  system  applies  with  the  the  indicated  number  of  other 
collocated  transmitters  on  the  air  at  the  same  time  that  Transceiver  5 
is  receiving  a  signal  from  a  distant  transceiver.  The  average  block¬ 
age  rates  are  tabulated  along  with  the  indicated  probability  of  occur¬ 
rence.  For  a  duty  cycle  of  0.1,  the  probabilities  are  calculated. 

.  The  highest  blockage  rate  occurs  with  low  probability 

.  The  lowest  blockage  rate  (zero  with  no  other  collocated 
transceivers  on  the  air)  occurs  with  approximately  a  7% 
probability,  or  on  7%  of  those  occasions  that  the  distant 
transceiver  is  transmitting. 

As  indicated  in  a  previous  section,  these  average  blockage  rates 
can  be  converted  to  an  average  BBR  if  some  further  assumptions  are 
made: 

.  When  a  transceiver  is  self  blocked,  it  suffers  complete 
blockage,  and  makes  random  bit  decisions 

.  When  the  transceiver  is  not  self  blocked,  the  received 

signal  to  noise  ratio  is  sufficiently  high  to  enable  a  BER 
which  is  zero. 


TABLE  4-5.  AVERAGE  BLOCKAGE  RATE  FOR  USER  NUMBER  5  WITH  INDICATED 
NUMBER  OF  ACTIVE  TRANSMITTERS  (EXPRESSED  AS  A  FRACTION) 
VS.  40  dB  PERCENTAGE  (OF  USER  OPERATING  FREQUENCY) 
BANDWIDTHS.  EXPRESSED  UNDER  WORST  CASE  FIXED  PRIORITY 


When  the  above  items  occur,  the  average  BER  Is  one  half  of  the  average 
blockage  rate. 

As  a  point  of  reference,  the  SINCGARS  RPP  stipulates  a  bound  of 
10%  BER  as  the  acceptable  threshold  of  performance  for  digitized  voice 
operation.  For  the  FHMUX,  an  average  blockage  rate  of  20% 
(corresponding  to  an  average  BER  of  10%) ,  would  then  be  viewed  as  a 
performance  threshold. 

A  final  view  of  the  average  blockage  rate  problem  is  provided  in 
Table  4-6,  for  a  rotating  priority  scheme.  The  tabulated  entries  are 
in  terms  of  average  rate  of  blockage,  as  previously  discussed.  For 
the  tabulated  entries  under  the  column  heading  5,  a  target  FHMUX 
transceiver  is  receiving  a  signal  from  a  distant  transmitter,  with 
four  other  FHMUX  collocated  transceivers  transmitting.  In  the  column 
labeled  4,  the  target  transceiver  is  still  receiving  a  signal  from  a 
distant  transceiver,  with  three  other  FHMUX  collocated  transceivers 
transmitting.  In  the  column  labeled  1,  only  the  distant  transmitter 
is  transmitting,  and  no  local  FHMUX  transceivers  are  transmitting, 
hence  there  is  no  self  blockage. 

The  data  from  Tables  4-5  and  4-6  are  plotted  in  Figures  4-5  and 
4-6.  Figure  4-7  shows  the  percent  probability  of  zero  to  four 
transmitters  being  energized  (in  a  five-channel  FHMUX)  as  a  function 
of  transmit  duty  cycle  (DU) . 

Figures  4-5,  4-6,  and  4-7  are  to  be  used  together  to  complete  the 
BER  analysis  in  that  the  blockage  rate  vs.  bandwidth  curves  are 
probablistic  in  themselves.  For  example.  Figure  4-7  shows  that  the 
probability  of  three  transceivers  transmitting  is  highest  when  the 
duty  cycle  is  0.8,  and  this  probability  is  about  32%.  The  curves 
shown  in  Figure  4-7  are  based  on  the  probability  equations  given  in 
Tables  4-5  and  4-6.  They  assume  that  at  least  one  of  the  FHMUX 
channels  is  in  the  receive  state.  Also,  some  of  the  remaining 
channels  may  be  in  the  transmit  state  with  a  probability  of  (l-D)*^, 
where  D  is  the  transmit  duty  cycle,  and  n  is  the  number  of  channels  in 
the  transmit  state  (n  cannot  exceed  4).  All  duty  cycles  are  assumed 
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TABLE  4-6.  AVERAGE  RATE  OF  BLOCKAGE  (EXPRESSED  AS  A  FRACTION)  VS. 
40  dB  PERCENTAGE  (OF  USER  OPERATING  FREQUENCY) 
BANDWIDTHS.  EXPRESSED  UNDER  WORST  CASE  ROTATING 
PRIORITY  CONDITIONS. 


NUMBER  OF  ACTIVE  TRANSMITTERS 

40  dB  BW 
Percent 

1 

2 

3 

4 

5 

+5 

0 

0.050350 

0.09655 

0.139175 

0.17866 

+2.5 

0 

0.024800 

0.04872 

0.071962 

0.09457 

+  1 

0 

0.010075 

0.01960 

0.029225 

0.03899 

+0.5 

0 

0.004825 

0.00965 

0.014625 

0.01950 

Probability 

D(l-D)^ 

4  D^(l-D)^ 

6  D^(l-D)^ 

4  D^(l-D) 

D^ 

Probability 
At  D  =>  0.1 

6.6X10“^ 

2.9X10“^ 

4.86X10“^ 

3.6X10“^ 

10“^ 

to  be  equal.  These  PHMUX  transmit  channels  are  assumed  to  be  time- 
coincident  with  a  remote  transmitter  which  is  operating  into  the 
PHMUX  channel  which  is  in  the  receive  state.  The  duty  cycle  of  this 
remote  transmitter  is  assumed  to  be  the  same  as  the  PHMUX  channels  in 
the  transmit  mode. 

Pigure  4-6  shows  that  a  revolving  priority  system  is  relatively 
insensitive  to  these  probabalistic  effects.  Point  A  shows  that  a 
revolving  priority  system  with  four  transmitters  on  line  will  have  BER 
of  10%  with  a  guard  band  of  about  +/-  5.8%  (Point  A) ,  even  if  the 
probability  of  the  event  is  100%.  The  revolving  priority  system  is 
clearly  superior  to  the  fixed  priority  system  in  this  regard. 

When  the  fixed  priority  system  is  considered,  Pigure  4-5  is  of 
interest.  As  shown,  the  curves  for  three  and  four  transmitters  on  line 
cross  the  10%  BER  limit  line  inside  the  +/-  5%  bandwidth  abscissa. 

The  probablistic  effects  shown  in  Table  4-7  are  derived  from  Pigure 
4-7,  and  are  highlighted  as  points  1,2, 3, 4,  and  5  on  Pigure  4-7. 


TABLE  4-7.  PROBABALISTIC  EPPECTS,  PIXED  PRIORITY  SYSTEM 


Number  of 

On  Line 

Transmitters 

Maximum 

Bandwidth 

for  10%  BER 

Highest 

Probability 

of  this  Event 

Pigure  4.7 

Reference 

Points 

2 

+/-  5% 

20%,  at  DU  «  0.6 

1 

3 

+/-  3.75% 

32.7%,  at  DU  =  0.8 

2 

3 

+/-  3.75% 

14%,  at  DU  =  0.5 

3 

4 

+/-  2.75% 

32.7%,  at  DU  =  0.8 

4 

4 

+/-  2.75% 

_ 

7.2%,  at  DU  =  0.6 

5 

Table  4-7  and  Figure  4-5  imply  that  a  fixed  priority  system  would 
have  some  chance  of  success  if  the  average  transmit  duty  cycle  is  0.4 
or  less.  It  seems  prudent  to  compare  the  two  priority  systems  to  the 
reference  system  on  a  separate  basis.  This  is  done  in  Tables  4-8  and 
4-9. 

4.5  THE  BER  MODEL  VS.  THE  REFERENCE  SYSTEM 

The  reference  system  described  in  Section  4.2  and  Table  4-3 
describes  close-in  frequency  operation  of  five  transceivers,  all 
separated  by  100  meters.  The  BER  of  this  system  is  degraded  by  strong 
undesired  signals  in  adjacent  channels.  This  degradation  occurs  when 
the  undesired  signal  is  5.1  dB  below  the  desired  signal,  in  the  IF 
bandwidth.  Thus,  at  80  MHz,  one  of  these  four  transceivers  can 
transmit  at  a  frequency  as  close  as  0.7%  of  the  frequency  of  TRl,  and 
TRl  will  be  able  to  maintain  a  BER  of  10%  when  tuned  to  the  frequency 
of  TR6. 

The  FHMUX  "guard  bandwidths"  described  in  Table  4-8  and  4-9  are 
based  on  the  laws  of  probability,  namely  the  effect  on  BER  when  the 
FHMUX  system  "self  blocks"  a  given  channel  because  of  its  close 
frequency  proximity  to  another  channel  with  an  active  transmitter. 

Therefore,  the  reference  system  has  a  30  MHz,  10%  BER  "guard 
band"  of  no  less  than  +/-  1.87%,  and  at  80  MHz,  of  no  less  than  +/- 
0.7%.  The  fixed  priority  FHMUX  guard  band  (five-channel)  is 
probabalistic  as  shown.  The  revolving  priority'  FHMUX  (five-channel) 
has  a  10%  BER  guard  band  of  no  more  than  +/-  5.8%. 

The  Second  Quarterly  Report  defines  an  FHMUX  system  electronic 
guard  band  of  +/-2%.  This  more  recent  Pinal  Report  uses  a  refined 
computer  program  which  more  realistically  defines  the  self  blockage 
rate.  Thus,  an  electronic  guard  band  of  +/-5%  will  provide  a 
satisfactory  BER  when  a  revolving  priority  system  is  used. 


TABLE  4-8.  REQUIRED  GUARD  BANDWIDTH  FOR  10%  BER,  POUR  TRANSCEIVERS 
TRANSMITTING,  FIXED  PRIORITY 


FREQUENCY  REQUIRED  GUARD  BANDWIDTH  (  %)  FOR  10%  BER,  4 


(MHz) 


TRANSCEIVERS  TRANSMITTING 


Reference  System 
Long  Range,  (From 
Table  4-3)  No  Less 
Than 


Fixed  Priority  FHMUX  System  (from 
Figures  4-5  4-7,)  and  Table  4-7. 


Probability,  of 
4  Transceivers 
Transmitting  % 


1.024 

3.125 

7.78 

16.8 

32.8 

54.0 

100.0 


No  1 

More  Than 

+/- 

2.75% 

+/- 

2.75% 

+/- 

2.75% 

+/- 

2.75% 

+/- 

2.75% 

+/- 

2.75% 

+/- 

2.75% 

TABLE  4-9.  REQUIRED  GUARD  BANDWIDTH  (%)  FOR  10%  BER,  WITH  POUR 
TRANSCEIVERS  TRANSMITTING,  ROTATING  PRIORITY 


Frequency 

(MHz) 

REQUIRED  GUAF.:  •BANDWIDTH  (%)  FOR  10%  BER,  WITH  4 
TRANSCEIVERS  T  »NSMITTING 

Reference  System,  Long  Range 

Rotating  Priority  FHMUX 

1 

(From  Table  4-3) 

System.  (From  Figure 

1  ' 

4-6) 

No  Less  Than 

- - - - 1 

No  More  Than 

80 


+/-  1.87% 
+/-  0.7% 


DU  =  1 


+/-  5.8%,  DU  = 


4.6  COMBINED  EFFECTS 

There  are  at  least  three  factors  which  must  be  considered  in  the 
selection  of  the  guard  bandwidth: 

.  BER  vs.  the  probability  of  FHMUX  self  blocking 

.  BER  vs.  the  effect  of  strong  undesired,  coherent  signals  in 

the  IF  bandwidth 

.  BER  vs.  the  effect  of  strong  undesired  non-coherent  signals 
in  the  IF  bandwidth  (transmitter  broadband  noise) 

The  effect  of  the  factors  described  above  is  shown  in  Figure  4-8 
for  a  five-channel  FHMUX  with  a  10%  BER  guard  bandwidth  of  +/-5%.  The 
RF  filter  circuit  has  a  40  dB  bandwidth  of  +/-5  %. 

Figure  4-8  shows  how  close  (in  frequency)  a  receive  channel  in 
the  FHMUX  can  be  tuned  to  an  FHMUX  transmitting  channel  before  a  BER 
of  10%  occurs.  A  typical  transmitter  output  power  of  60  watts  is 
chosen. 

Curve  A  is  a  plot  of  the  extrapolated  broadband  noise  floor  of  a 
60  watt  transmitter  driven  by  a  200  mW  power  VCO,  and  is  normalized  to 
a  20  KHz  IF  bandwidth.  This  data  was  derived  from  the  GTE  Multimode 
Radio  Program  and  was  obtained  at  an  RF  carrier  frequency  of  50  MHz. 

Curve  B  shows  how  the  FHMUX  filters  will  reduce  noise  power. 

Curve  C  is  a  plot  of  the  maximum  allowable  signal  power  in  the 
SINCGARS  receiver  IF  passband  at  sensitivity  (estimated  at  -113  dBm) 
to  maintain  a  10%  BER.  Curve  C  is  derived  as  shown  in  Table  4-10. 

S2  is  the  adjacent  channel  signal  power,  and  SD  is  the  desired 
signal  power.  The  allowable  undesired  power  in  dBm  is  the  difference 
between  -113  dBm  and  S2/SD. 

Curve  D  shows  the  actual  RF  power  level  reduction  of  Fo  caused  by 
the  bandpass  characteristics  of  the  FHMUX.  It  is  the  level  of  the  RF 
power  that  would  be  incident  upon  the  front  end  of  one  of  the  FHMUX 
transceivers  (in  the  receive  mode),  tuned  to  a  frequency  close  to  Fo. 
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Figure  4-8. 


Combined  Effects, 


Scaled  to  80  MHz 
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Offset 

Percent  Away  From 

SINCGARS 

Allowable 

From  Fo,  At  80MHz 

Spec. 

Desired 

(dB  above  -113  dBm) 

Power 

(KHz) 

S2 

(dBm) 

(dBm) 

SO 

25 

0.031235 

35 

-78 

50 

0.0625 

63 

-50 

100 

0.125 

71 

-42 

200 

0.250 

85 

-28 

1000 

1.25 

113 

0 

5000 

6.25 

125 

+12 

Thus,  the  format  shown  in  Figure  4-8  clearly  depicts  these 
combined  effects  and  can  be  used  to  define  the  latest  FHMUX  baseline 
system. 

4.7  DESCRIPTION  OF  THE  BASELINE  SYSTEM 

Curves  B  and  D  of  Figure  4-8  are  derived  from  the  filter 
frequency  response  shown  in  Table  4-11. 

TABLE  4-11.  RESPONSE  OF  A  SYSTEM  WITH  A  -40  DB  BANDWIDTH  OF  +/-5% 


+/-  % 

ay  From  Fo 

dB 

.5 

1  -2.91 

1.0 

-9.03 

1.5 

-15.4 

2.0 

-21.0 

2.5 

-25.8 

3.0 

-30.0 

3.5 

-33.7 

4.0 

-36.9 

4.5 

-39.8 

5.0 

-42.4 

1 


This  response  can  be  achieved  by  cascading  three  single  pole 
bandpass  filters,  each  having  a  loaded  Q  of  50.  These  filters  are 
described  in  a  later  section.  As  shown  in  Table  4-11,  this  response 
gives  a  40  dB  bandwidth  of  about  +/-5%,  and  meets  the  requirements  of 
Figure  4-8. 

The  intersection  of  Curves  C  and  D  (Figure  4-8)  occurs  at  +/-2.6% 
of  Fo,  and  is  identified  as  Point  A.  This  is  the  difference  frequency 
at  which  a  strong,  coherent  off  channel  signal  will  cause  the  BER  to 
degrade  to  10%. 

The  intersection  of  the  SINCGARS  sensitivity  level,  and  Curve  B 
occurs  at  +/-3%  of  Fo,  and  is  identified  as  Point  B.  This  is  the 
difference  frequency  at  which  a  strong  non-coherent  off  channel  signal 
(broadband  transmitter  noise)  will  lie  about  5.1  dB  below  a 
sensitivity  level  signal.  This  will  cause  the  BER  to  degrade  to  10%. 

Curve  C  is  scaled  to  80  MHz.  The  other  curves  are  valid  at  all 
other  frequencies.  However,  a  clear  picture  of  30  MHz  operation  is 
shown  in  Figure  4-9. 

The  intersection  of  Curves  C  and  D  in  Figure  4-9  is  at  +/-  4.25% 
of  Fo,  for  a  system  scaled  at  30  MHz.  This  is  still  within  the  +/-  5% 
electronic  guard  band. 

The  Second  Quarterly  Report  derives  the  concept  of  FHMUX  "self 
blocking,"  and  introduces  the  concept  of  an  electronic,  or  digital 
guard  band  which  could  vary  the  self  blocking  effect  as  desired.  This 
early  work  recommends  a  +/-  2  to  3%  digital  guardband  which 
necessitates  a  very  narrowband,  lossy  RF  system.  The  recent  work 
described  above  eases  this  problem.  The  digital  guard  band  can  be  as 
much  as  +/-  5.8%,  and  is  subject  to  beneficial  probabal istic  effects. 

It  has  been  shown  that  the  FHMUX  cannot  achieve  equivalent 
performance  to  the  reference  system.  However,  this  is  really  an 
unfair  comparison,  in  that  the  reference  system  has  a  built  in  40  dB 
frequency  insensitive  attenuator.  The  FHMUX  is  required  to  use  RF 
filters  of  finite  bandwidth  in  order  to  achieve  the  required  channel 
isolation. 
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It  has  been  shown  that  the  PHNUX  is  superior  to  the  reference 
system  in  that  the  FHMUX  provides  two  way  suppression  of  back  IMD 
products,  whereas  the  reference  system  only  provides  one  way 
suppression. 

The  effects  of  strong  near  channel  signals  from  active  PHNUX 
transmitters  on  a  PHNUX  receiver  channel  are  just  as  probablistic  as 
the  effect  on  the  digital  guard  band  of  these  strong  signals.  If  no 
transmitters  are  active,  the  guard  band  can  be  reduced  to  a  few 
channel  spaces. 

The  achievable  RP  40  dB  bandwidth  is  of  prime  importance;  as  well 
as  the  selection  of  the  digital  guard  band,  it  is  under  the  control  of 
the  PHNUX  designers.  The  SINCGARS  transceiver  receiver  selectivity 
and  transmitter  broadband  noise  floor  are  not.  It  is  probable  that 
PHNUX  self  blocking  will  not  be  a  major  problem  area.  A  digital  guard 
band  of  approximately  +/-  5%,  a  revolving  priority  scheme,  and  a  40  dB 
RP  bandwidth  of  +/-  5%  are  recommended  for  the  PHNUX  final  system 
configuration. 

4.8  NODEL  ERRORS 

The  derivation  of  the  reference  system  assumes  that  one  of  the 
five  collocated  transceivers  is  in  the  transmit  mode  at  the  same 
instant  in  time  that  a  sensitivity  level  signal  arrives  from  a 
transceiver  at  a  distance  much  greater  than  100  meters,  and  is 
received  by  the  fifth  collocated  transceiver. 

This  is  a  valid  starting  point  for  the  study  and  serves  as  a 
resonable  point  of  comparison. 

An  early  source  of  error  was  the  lack  of  probability  data 
regarding  the  transmit  duty  cycle.  This  work  is  included  in  this 
report. 

The  extrapolated  transmitter  noise  floor  may  be  another  source  of 
error.  The  data  was  obtained  from  a  GTE  Engineering  Nodel,  as 
described.  The  exact  noise  floor  of  the  SINCGARS  radios  is  unknown  to 
GTE  at  this  time.  It  is  hoped  that  the  SINCGARS  transmitter  noise 


floor  is  lower  than  the  model  shown.  The  noise  area  of  concern  is  the 
close  in  noise  associated  with  the  synthesizer  FM  noise. 

As  shown,  Fo  is  assumed  to  be  60  watts.  If  another  power  level 
is  to  be  used,  the  curves  of  Figure  4-8  and  4-9  can  easily  be 
readjusted.  This  also  holds  true  for  the  receiver  front  end  and 
transmitter  noise  floor  data. 

Early  work,  (Appendix  C,  Reference  Document)  shows  concern  over 
the  effect  of  antenna  VSWR  on  resonator  tuning.  A  later  section  of 
this  report  will  discuss  how  this  concern  is  eliminated. 

The  duty  cycle  analysis  shown  in  Figure  4-7  is  based  on  all 
transceivers  having  identical  transmit  duty  cycles.  This  is  really  an 
unlikely  event,  but  the  extension  of  the  study  to  account  for 
different  duty  cycles  will  probably  over  complicate  the  analysis. 


SECTION  5 


EVALUATION  OF  HARDWARE  CONFIGURATION 


5.1  INTRODUCTION 

This  section  describes  and  justifies  the  baseline  R£  design  of 
the  FHMUX,  based  on  the  results  of  the  system  study  and  BER  analysis. 
The  selection  of  a  quad-coupled  channel  combiner,  and  the  benefits  of 
this  scheme  are  described.  Justification  for  the  use  of  helical 
resonators,  and  the  design  of  the  bandpass  filters  is  discussed. 
Finally,  an  estimate  of  the  size  and  power  consumption  of  the  FHMUX  is 
given. 

5.2  AN  ADDITIONAL  COMBINING  SCHEME 

The  Second  Quarterly  Report  discusses  combining  of  the  resonators 
via  a  series  connection  of  output  windings.  A  disadvantage  of  this 
circuit  is  the  need  for  an  additional  circuit,  the  terminator.  The 
terminator  is  actually  an  L-C  impedance  matching  network.  It  is  fixed 
tuned,  and  will  utilize  low  loss  components.  The  terminator 
compensates  for  the  parasitic  elements  of  the  output  coupling  loops 
and  the  connecting  transmission  line.  A  combining  scheme  which  does 
not  require  the  terminator  has  been  used  in  the  television  broadcast 
industry  for  many  years  at  microwave  frequencies. 

Figure  5-1  shows  how  this  combiner  utilizes  quadrature  couplers 
to  sum  three  MUX  channels  to  a  single  antenna.  The  technique  is  not 
limited  to  three  channels. 

As  shown,  three  transceivers,  AA  in  Tx  at  frequency  fj^,  BB  in  Rx 
at  frequency  £2,  and  CC  in  Tx  at  frequency  f^,  are  connected  to  the 
apppropriate  quad  coupler  ports  in  similar  circuits.  Each  of  the  quad 
coupler  pairs  contains  an  identical  set  of  narrow  band,  tuneable  band 
pass  filters.  These  filters  are  tuned  to  the  same  RF  frequency  as  the 
associated  transceiver. 

Transceiver  AA  is  in  Tx  at  fj^,  and  its  signal  is  passed  by  the 
two  quad  coupled  filters,  and  combined  in  output  Coupler  A.  The 
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signal  propagates  down  the  50  ohm  interconnecting  line  to  Coupler  B, 
where  it  is  divided  and  falls  incident  on  each  of  the  bandpass  filters 
tuned  to  £2^  These  filters  each  present  a  high  VSWR  to  the  fj^  signal. 
Thus  the  f^  signal  is  reflected  from  the  filters,  and  is  recombined  by 
the  quad  couplers,  as  shown.  The  port  of  Coupler  B  at  which  the  fj^ 
signal  now  appears  would  be  terminated  by  a  50  ohm  load  in  a  conven¬ 
tional  circuit.  However,  the  recombined  f^  signal  proceeds  to  Coupler 
C  where  the  same  circuit  action  occurs,  and  f^  is  routed  to  the 
antenna. 

The  output  of  Transceiver  CC  reaches  the  antenna  in  similar 
fashion.  Since  the  other  two  banks  of  filters  (tuned  to  fj^  and  £2) 
are  identically  tuned  within  their  respective  quad  coupler  pairs. 
Coupler  C  will  see  a  matched  load. 

Transceiver  BB  is  in  the  receive  mode,  and  operating  at  £2.  When 
an  £2  signal  is  received  at  the  antenna,  it  propagates  to  Coupler  C, 
divides  and  is  reflected  from  the  two  f^  filters.  It  is  recombined  by 
Coupler  C,  and  routed  to  Coupler  B  and  then  to  the  two  bandpass 
filters  which  are  tuned  to  £2*  The  £2  signal  thus  is  routed  to 
Transceiver  BB  as  desired.  Coupler  A  presents  an  excellent  impedance 
match  to  Coupler  B  because  the  two  filter  sections  are  identically 
tuned . 

The  original  channel  combining  scheme  discussed  in  the  GTE  FHNUX 
proposal,  and  in  the  FHMUX  First  Quarterly  Report  contained  a  termina¬ 
tor  circuit.  This  circuit  was  a  broadband  impedance  matching  network. 
It  was  similiar  in  function  to  that  used  in  the  TD1288  equipment,  and 
merely  serves  to  provide  more  efficient  power  transfer  from  the 
channels  to  the  antenna.  This  circuitry  is  complex  because  of  the 
wide  bandwidth  requirements  of  the  FHMUX.  The  advantages  of  the  RF 
combining  scheme  shown  in  Figure  5-1  is  that  a  terminator  circuit  is 
not  needed,  as  all  ports  are  properly  loaded  with  50  ohm  impedances, 
and  antenna  tuning  is  not  required.  A  disadvantage  is  the  need  for 
additional  bandpass  filters. 

5.3  LOAD  PULLING 

An  early  load  pulling  study  (Appendix  C  of  the  Reference  Docu- 
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ment)  caused  concern  over  the  detuning  effects  of  the  antenna 
impedance  upon  the  bandpass  filters.  The  analysis  shown  below  de¬ 
scribes  how  the  quad-coupled  combiner  eliminates  the  need  to 
compensate  for  the  antenna  impedance. 

5.4  QUAD  COMBINER  ANALYSIS 

This  section  addresses  the  requirement  or  nonrequirement  for  a 
30-88  MHz  electronically  tunable  antenna  matching  network  which  would 
be  employed  at  the  output  of  the  FHMUX.  The  impedance  of  the  antenna 
and  its  80  foot  cable  combination  are  such  that  its  locus  vs. 
frequency  virtually  fills  a  3.0:1  VSWR  circle  as  plotted  on  a  Smith 
Chart.  Thus,  the  antenna  matching  network  (if  required)  must  be 
tunable,  self-calibrating  and  fast  switching.  This  unit  would  be  far 
more  complicated  than  the  rest  of  the  FHMUX.  As  will  be  shown,  an 
antenna  matching  network  is  not  required  if  the  appropriate  design 
approach  is  applied  to  the  FHMUX. 

The  technical  requirement  contains  the  following  specification: 

"Impedance.  The  nominal  load  impedance  for  the  multiplexer  shall 
be  50  ohms  real.  Specified  performance  shall  be  maintained  to  a  VSWR 
of  3:1." 

There  is  no  reference  to  a  requirement  or  specification  for  an 
antenna  matching  network  in  the  referenced  document.  Therefore,  if 
the  FHMUX  can  meet  all  specifications  when  subject  to  a  load  VSWR  of 
3:1  without  the  use  of  an  antenna  matching  network,  this  network  is 
not  required  or  desired.  In  other  words,  the  need  for  an  antenna 
matching  network  is  only  subject  to  whether  or  not  the  FHMUX 
specifications  are  achievable  when  it  operates  into  an  arbitrary  load 
having  a  maximum  VSWR  of  3:1  over  the  30-88  MHz  frequency  band.  Thus, 
we  will  analyze  the  operation  of  the  FHMUX  into  an  arbitrary  load. 

The  cascaded  networks  for  analysis  (the  FHMUX  and  the  antenna 
system)  are  depicted  by  the  block  diagram  of  Figure  5-4.  A  scattering 
matrix  analysis  is  an  excellent  methodology  to  determine  the  effects 
of  interface  conditions  on  the  overall  performance  of  the  cascaded 
networks. 
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Before  proceeding  further,  a  brief  review  of  S  parameters  is 
presented  in  Figure  5-2  and  5-3. 


86-83 


b1 


»  b2 


Figure  5-2.  General  Two-Port  Block  Diagram 


As  opposed  to  the  more  conventional  parameter  sets  which  relate 

total  voltages  and  total  currents  at  the  network  ports,  S-parameters 

relate  traveling  waves  (Figure  5-2).  The  incident  voltage  waves,  a^ 

and  32 f  are  the  independent  variables,  and  the  reflected  voltage 

waves,  bj^  and  b2,  are  the  dependent  variables.  The  network  is  assumed 

to  be  embedded  in  a  transmission  line  system  of  known  characteristic 

impedance  which  shall  be  designated  Z^.  The  S-parameters  are  then 

measured  with  terminations  on  each  of  the  ports  of  the  network, 
o 

Under  these  conditions,  and  S22»  the  input  and  output  reflection 

coefficients,  and  82^^  and  forward  and  reverse  transmission 

coefficients,  can  be  measured  (Figure  5-4} . 


Sll  =  ‘’l 

S12  =  ‘^l 

®1 

32  =  0 

®2 

S21  =  *^2 

S22  =  *^2 

®1 

32  =  0 

®2 

Figure  5-3.  S  Parameter  Definitions 
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is  then  equal  to  with  aj  “  0  or  no  incident  wave  on  Port  2. 

This  is  accomplished  by  terminating  the  output  of  the  two-port  in  an 
impedance  equal  to  Z^. 

Summary: 

Sii  =  input  reflection  coefficient  with  the  output  matched 

Sj^2  “  forward  transmission  coefficient  with  the  output  matched 
This  is  the  gain  or  attenuation  of  the  network 

S22  “  output  reflection  coefficient  with  the  input  matched 

Sj^2  ~  reverse  transmission  coefficient  with  the  input  matched 

S-parameters  are  determined  with  resistive  terminations.  This 
obviates  the  difficulties  involved  in  obtaining  the  broadband  open  and 
short  circuit  conditions  required  for  the  H,  Y,  and  Z-parameters. 

Parasitic  oscillations  in  active  devices  are  minimized  when  these 
devices  are  terminated  in  resistive  loads. 

Equipment  is  available  for  determining  S-parameters  since  only 
incident  and  reflected  voltages  need  to  be  measured. 

The  general  scattering  matrix  iequations  for  the  two  networks  of 
Figure  5-4  are: 
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Where  the  unprimed  and  primed  quantities  refer  to  the  PHMUX  and 
antenna  system,  respectively.  The  interface  conditions  from  Figure 
5-4  are  given  by: 

a’l  =  b2  (4) 

and  a*2  =  9  (5) 

Where  the  a's  and  b's  represent  the  various  incident  and  reflected 
voltage  wave  components. 

The  antenna  system  is  made  up  of;  the  connecting  RF  cables  and 
connectors,  any  impedance  matching  devices  such  as  baluns  and 
transformers,  and  the  radiation  resistance  of  the  antenna.  The  only 
radiating  component  of  this  system  is  the  antenna  radiation 
resistance.  The  incident  wave  component  b2  is  completely  absorbed  and 
hence  radiated  by  this  antenna  radiation  resistance.  The  reflected 
wave  component  a2  is  thus  zero  by  definition. 

If  the  antenna  system  is  perfectly  matched  to  the  FHMUX,  it  is 
possible  for  the  reflected  wave  component  of  the  entire  antenna  system 
b^  to  be  zero.  However,  the  broadband  requirements  of  the  antenna 
system,  and  the  wide  range  of  required  impedance  transformations  place 
rigorous  demands  on  the  antenna  system  impedance  matching  circuitry. 
The  radiation  resistance  is  defined  as  a  pure  resistance,  but  it  is 
seldom  very  close  in  value  to  the  characteristic  impedance  of  the 
circuit.  Also,  a  large  reactive  component  is  present  in  the  antenna 
itself.  This  reactive  component  is  a  part  of  the  antenna  system. 
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The  antenna  system  performs  three  functions: 

.  It  connects  the  antenna  to  the  FHNUX 

.  It  cancels  the  reactive  component  (when  needed)  of  the 
antenna 

.  It  transforms  the  Impedance  level  of  the  antenna  resistive 
component  (radiation  resistance)  to  the  level  of  the  system 
characteristic  impedance  for  maximum  power  transfer. 

Substitution  of  equations  3-5  into  equations  1  and  2  yields: 


11 

Sl2 

21 

®22_ 

t 

11 

^12 

f 

21 

^22 

^2* 


Note  that  we  have  passive  reciprocal  networks;  hence 


®12  “  ®21  ®12'  “  ®2l' 


From  Figure  5-4,  the  net  insertion  loss  is 


(6) 


(7) 


L  =  20  log 


dB 


(8) 


where  the  ratio  can  be  determined  by  solving  the  4  simultaneous 
equations  defined  by  matrix  equations  6  and  7;  i.e., 


1 


(9) 
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Combining  equations  8  and  9  we  get  the  net  insertion  loss  in  dB: 


L  *  20  log  iSj^l  +  20  log  |S2j 


-  20  log  |1  -  S 


22  ®ll' • 


Equation  10  shows  that  the  net  insertion  loss  of  the  FHNUX  - 
antenna  system  combination  is  affected  by  the  term  (  1-  S22 
S22  is  the  output  reflection  coefficient  of  the  FHMUX,  and  '  is  the 
input  reflection  coefficient  of  the  antenna  system. 

If  either  S22  or  i®  equal  to  zero,  the  net  insertion  loss  of 

the  cascaded  networks  S  and  S*  will  be  simply  the  sum  of  the  two 
individual  insertion  losses  of  the  network  as  measured  under  matched 
terminal  conditions.  Equation  9  will  then  be  modified  to; 


^2*  =  ^21  S21- 


and  equation  10  will  be  modified  to; 


Loss  (dB)  =  20  log  IS,, I  +  20  log  IS,  ' | 


(lOA) 


It  is  unlikely  that  S2j^ '  will  be  zero,  as  stated  earlier. 

However,  if  the  FHMUX  can  be  structured  such  that  S22  is  always  zero, 
then  equation  lOA  can  be  realized.  This  means  that  the  antenna  system 
input  impedance  variations  can  never  affect  the  PHMUX's  contribution- 
(^21)  to  the  net  response  of  the  system.  In  other  words,  the  antenna 
system  cannot  detune  the  FHMUX  when  the  output  reflection  coefficient 
of  the  FHMUX  (S22)  is  equal  to  zero. 

Thus  the  effects  of  antenna  mismatch  on  the  FHMUX  bandpass 
filters  can  be  eliminated  by  the  implementation  of  circuitry  that  will 
provide  the  conditions  S22  =  0  at  in-band  and  out-of-band  frequencies. 
The  solution  is  to  use  quadrature  hybrid-coupled  tuneable  filters  at 
the  output  of  the  FHMUX.  This  approach  was  recommended  as  a  means  to 
cascade  the  tuneable  resonators,  but  the  output  resonators  of  the 
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original  FHMUX  circuitry  were  not  hybrid- coupled  at  that  time  because 
of  the  reactive  series  type  combiner  proposed  at  that  time.  Since 
then,  a  different  combining  scheme  has  been  recommended,  where  all  of 
the  resonators  are  hybrid-coupled.  The  evaluation  of  this  scheme 
under  antenna  mismatch  conditions  is  described  below. 


A  typical  hybrid-coupled  circuit  is  shown  in  Figure  5-5.  It  is 
well  known  that  if  the  two  filters  present  reflection  coefficients  of 
ri'  and  r2*  respectively  to  the  quadrature  ports  of  these  hybrids 
(Ports  1  and  2),  the  effective  input  reflection  coefficient  at  Port  3 
is: 


riN=|-  (ri'-r2') 


(11) 


The  derivation  of  equation  (11)  is  now  given. 


A  4  port  linear  network  can  be  defined  using  S  parameters. 


®11  ®12  ®13  ®14 

^1 

®21  ®22  ®23  ®24 

®2 

^2 

®31  ^32  ®33  ^34 

®3 

^3 

_®41  ®42  ®43  ®44_ 

_^4_ 

_V 

(12) 


The  "a"  vectors  represent  incident  waves,  and  the  "b"  vectors 
represent  reflected  waves.  A  hybrid  coupler  is  shown  in  Figure  5-6. 

An  excellent  discussion  on  "S"  parameters  is  given  in  Microwave 
Circuits  by  J.  L.  Altman,  published  by  D.  Van,  Nostrand  Co.,  pp. 
40-71.  As  shown  in  Figure  5-6,  the  "a"  vectors  point  into  the 
junction,  and  the  "b"  vectors  point  away  from  the  junction.  As  an 
introductory  step,  consider  a  simple  two-port  system. 
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COUPLED  PATH 


f 


By  expansion. 


Sii  +  S^2  ®2  “ 


®21  ®1  ®22  ®2  “  ^2 


i. 


(13) 


T 

T 


(15) 


By  definition, 


(16) 


And 


(17) 


The  S  matrix  is  represented  by  "i"  number  of  rows  and  "j"  number 
of  columns. 


Transmission  coefficients  exist  where  i  /  j,  and  reflection 
coefficients  exist  where  i  <>  j.  All  ports  are  to  be  terminated  with 
matched  (50  ohm)  loads. 

Thus,  equation  16  defines  the  Port  1  reflection  coefficient,  and 
equation  17  describes  the  transmission  coefficient  of  a  signal  passing 
to  Port  1  from  Port  2. 


I 

E 

C 
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The  scattering  matrix  for  an  ideal  quadrature  coupler  is  based  on 
the  following  definitions: 

.  All  ports  are  matched  (VSWR  »  1.0:1,  reflection  coefficient 
(  r  )  «  0)  . 


Therefore 

®11  *  ®22  “  ®33  “  ®44  “  ° 


(18) 


Also,  infinite  directivity  exists  between  Ports  1  and  2,  and  between 
Ports  3  and  4.  Thus  these  transmission  coefficients  are  zero. 


®21  “  ®12  *  ®34  *  ®43  “  ° 


(19) 


The  coupled  port  (20)  and  the  straight  through  transmission 
coefficients  (22)  are  given  on  page  778  of  Microwave  Filter,  Impedance 
-  Matching  Networks,  and  Coupling  Structures,  by  G.  Matthaei,  L. 

Young,  and  E.M.T.  Jones,  published  by  Artech  House  Books. 

Si3  =  =  S^2  (Coupled  Ports) 


^  jc  sin  0 

^  1-  c^  cos  0  +  j  sin  0  (20) 


where  ®  *  To  * 


AT  MIDBAND 
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The  straight  through  path  is  also  derived  from  page  778  of  the 
reference  given  above: 


*  S22  (straight  through  path) 


Where 


1 


AT  N IDS AND 


Now,  by  using  equations  18-23,  the  scattering  matrix  of  an  ideal 
quadrature  coupler  can  be  written. 


J  HYBRID 


0  0  li/i 

0  0  -j</2  \/j2 

-liA  0  0 

-jy2  iaA  0  0 


simplifying. 
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The  complete  system,  including  the  hybrid  coupler,  and  its  external 
terminations  is  shown  in  Figure  5--7. 

As  shown.  Port  4  is  terminated  with  a  50  ohm  resistor.  Port  3  is 
the  input  port,  and  the  problem  is  to  derive  the  input  reflection 
coefficient  ^  in  when  Ports  1  and  2  are  terminated  in  impedances 
having  reflection  coef f icients  r 1 '  and  r2'. 

In  other  words,  we  are  deriving 


r  IN  =  *^3 


where  the  input  incident  signal  is  set  equal  to  1. 
matrix  for  this  system  is: 


The  scattering 


0 

0 

1 

-j 

0 

0 

-  j 

1 

®2 

^^2 

1 

=5 

/2 

1 

-j 

0 

0 

®3 

-j 

1 

0 

0 

_  ^4_ 

The  a  matrix  is  derived  from  Figure  5-7. 


r  1'  b. 


r  2-  b^ 
1 
0 


(26) 


(27) 

(28) 

(29) 

(30) 


(Port  4  is  terminated  with  50  ohms). 


1 

I 

I 
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TUNABLE 

FILTERS 


7149« 


The  system  is  now  completely  defined. 


—  — 

0  0  1  -j 

r  1*  bj^ 

1 

0  0  -j  1 

r  2-  b2 

T 

1  -j  0  0 

1 

-j  1  0  0 

0 

Now,  by  expansion: 


yr 


r  1  •  _  j  r  2  •  b2  ^ 


yr 

-j^l 


^1  + 


r  2 


^^4 


We  now  substitute  equations  32  and  33  into  34 

' j  r  2'  -j  ^ 


r  1' 


yr-yr 


yr-  yr 


=  b. 


Finally, 


Thus,  the  input  reflection  coefficient  is  derived.  Equation  37 
shows  that  if  Tl'  and  r 2 '  are  equal,  or  even  very  close  to  each  other, 
the  input  reflection  coefficient  is  zero,  or  very  close  to  zero. 

The  following  numerical  example  shows  the  powerful  VSWR  reducing 
mechanism  inherent  in  the  hybrid  coupled  circuit,  as  described  in 
equation  11. 

Let  the  tuneable  bandpass  filters  of  Figure  5-4  have  the 
following  impedances  when  each  is  tuned  to  a  given  PHMUX  channel 
(Z^  =50  ohms) : 


Filter  1 
27  +  j30 
VSWR  =2.69 
r 1*  =  .457  /106.2 


Filter  2 
25  +  j33 
VSWR  =  3.04 
r  2’  =  .505  /i03.4 


The  values  of  r  are  obtained  from: 


r  = 


(38) 


Where  is  the  complex  load,  and  Z^  is  the  system  characteristic 
impedance. 

Rewriting  equation  11, 

r  IN  =  4  f.457  A06.2°  -  .505  /103.4°]  (39) 
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1: 


By  converting  the  above  polar  coordinates  to  a  rectangular  form,  I, 

1 

r  IN  «  1  [(.54046  +  j.5996)  -  (.50000  +  j.6599)I  (40) 

<  •< 

and  then  rearranging, 

«  / 

r  IN  =  I  [(.54046  -.5000)  +  (j.5966  -  j.6599)]  (41) 

(42) 

1 

(43)  i 

r  IN  =  .0363  /-28.07°  ^ 

Or,  in  rectangular  form 


r  IN  =  i  [.04046  -  j. 06031 


Now,  converting  back  to  polar  form: 

r  IN  =  2  [.0726  /-56.139] 


=  1.0656  -  j.0365  (Normalized) 

Finally,  the  input  impedance  is: 

Zin  =  53.28  -  j  1.825 

The  input  reflection  coefficient  is  0.0363,  corresponding  to  a  VSWR  of 
1.075:1. 

Thus,  hybrid  coupler  action  has  lowered  the  effective  filter 
VSWRS  of  2.69  and  3.04,  to  a  value  of  1.075:1.  If  the  filter 
imp'.*dfances  were  exactly  equal,  the  reflection  coefficient  would  have 
bef  ^,sro,  and  VSWR  would  be  1.0:1. 


(44) 


(45) 


1 


1 


1 
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Thus,  as  long  as  the  filters  are  tuned  fairly  close  to  each 
other,  the  hybrid  coupled  circuit  will  behave  as  a  well  matched 
building  block  at  all  frequencies.  The  S  parameter  matrix  of  a  hybrid 
circuit  can  be  given: 


tS] 

HYBRID 
COUPLED 
CIRCUIT 

If  the  filters  are  alike,  then 

[S] 

HYBRID 
COUPLED 
CIRCUIT 

and  the  8^2  criterion  is  achieved,  by  virtue  of  the  circuit  symmetry. 
822^  is  essentially  the  response  of  the  filters,  plus  any  dissipative 
loss  and  phase  shift  introduced  by  the  quadrature  hybrids. 

In  summary,  the  use  of  hybrid  coupled  filters  allows  one  to 
establish  the  desired  frequency  response  of  the  FHMUX  independant  of 
the  antenna,  even  when  the  antenna  is  mismatched. 

However,  the  filters  are  not  isolated  (nor  detuned)  from  the 
antenna  mismatch.  The  filters  cannot  be  "isolated"  from  the  antenna, 
because  the  quadrature  hybrid  is  a  reciprocal  device.  This  point  is 
now  to  be  examined  closely. 

The  next  section  will  derive  the  reflection  coefficients 
presented  to  the  bandpass  filters  as  a  result  of  the  antenna  mismatch. 

The  scattering  matrix  for  an  ideal  quadrature  coupler  has  been 
derived,  and  is  shown  in  equation  25.  It  will  now  be  used  in  an 
analysis  of  the  output  hybrid  coupler. 
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The  vector  describing  the  input  waves  to  this  output  hybrid  is 
now  derived.  This  is  the  A  matrix  and  is  determined  by  the  vectors 
pointing  into  the  ports  of  the  output  coupler.  Refer  to  Figure  5-5. 

The  incident  voltage  for  Port  1  of  the  output  coupler  is  now 
derived 

®1  “  *^2*  '  where  T  is  the  filter  transmission  coefficient. 

Also, 


where  a^'is  the  RF  signal  into  Port  3  of  the 
is  the  coupler  straight  through  transmission 


input  coupler,  and 
coefficient  (Equation  22) 


Thus  aj^ 


Setting  a^ '  =1, 

aj  -  (48) 

The  82  incident  voltage  for  Port  2  of  the  output  coupler  is  derived 
below. 


®2  ~  *^1 '  filter  transmission  coefficient. 

a3'T 

b,  '  =  T  where  a.'  is  the  RF  signal  into  Port  3  of  the 

1/213 

input  coupler,  and  is  the  input  coupler  coupled  arm 

/ 2 

transmission  coefficient (20) .  Again,  a^ '  =  1,  and 


a 


2 


(49) 
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(50) 


Now,  a  r  3  bj 

where  r  3  is  the  antenna  reflection  coefficient, and,  a^  «  0,  because 
Port  4  is  properly  terminated  in  SO  ohms. 

Thus,  the  k  vector  is  defined,  and  listed  below. 


”*1  “ 

r  1 

S 

T 

cr 

_ 

0 

(51) 


Therefore,  the  scattering  matrix  equation  for  the  output  quadrature 
hybrid  is: 


1 


a 


0  0  1  -j 

n  ”1 

0  0  -j  1 

T 

^2 

= 

1  -j  0  0 

r3  ^3 

-j  1  0  0 

0 

_‘’4_ 

(52) 
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Expanding  equation  50  yields 


(53) 

(54) 


(54A) 


(55) 


Mow,  using  equations  51-55,  we  can  calculate  the  reflection 
coefficients  presented  to  the  bandpass  filters  of  Figure  5-5. 


^3^3 


zjl. 

/2 


/I  r3b3 


/2 


Substituting  equation  55  for  the  b3  term, 

-j  Tr3 


(56) 
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And 


r 


2 


T 


Since  =  -  jT, 

-jr3(-jT)  (57) 


/2 


The  analysis  shows  that  both  filters  "see"  the  antenna  mismatch 
3,  and  therefore  the  RF  voltages  across  these  filters  are  affected 
accordingly.  However,  the  filters  are  not  detuned  or  pulled  by  the 
antenna,  as  shown  by  equation  9,  because  re- ref lections  at  the  filters 
are  dissipated,  and  are  not  returned  to  the  antenna. 

In  other  words,  the  filters  of  the  hybrid  coupled  FHMUX  will 
"see"  initial  reflections  from  the  mismatched  antenna,  but  there  will 
be  no  multiple  reflections,  and  therefore  no  interaction  between  the 
antenna  and  the  FHNUX. 

5.5  LABORATORY  VERIFICATION 

A  simple  laboratory  experiment  was  performed  to  verify  the 
previous  analysis.  The  circuit  is  shown  in  Figure  5-8.  The  components 
used,  and  50  ohm  impedance  level  resulted  in  a  relatively  low  loaded  Q 
of  10.  The  insertion  loss  was  2.8  dB  at  54  MHz,  hence  the  unloaded  Q 
of  the  filters  was  only  36.3. 

When  load  impedances  corresponding  to  a  VSWR  of  3:1  were  used, 
the  impedance  of  the  input  hybrid  was  measured.  Since  the  insertion 
loss  was  2.8  dB,  the  VSWR  measured  at  the  input  port  was  expected  to 
be  lower  than  3:1.  The  calculated  value  of  this  lower  VSWR  is  1.71:1. 
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5<-8.  Test  Circuit 


This  calculated  value  was  verified,  indicating  that  the  load  impedance 
is  indeed  "handed  off"  to  the  input  port,  but  is  modified  by  the 
insertion  loss  and  phase  shift  of  the  circuit. 

The  load  pulling  effect  was  investigated  by  connecting  various 
loads  to  the  output  port  of  the  filter,  and  observing  the  swept  output 
response  via  the  directional  coupler  and  the  spectrum  analyzer.  Six 
loads  were  used,  50  -l-  jO ,  16  -t-  jO,  150  jO ,  short  and  open  circuits, 
and  75-j  58  ohms.  The  various  loads  all  had  a  small  effect  on  the 
swept  response. 

Upon  completion  of  the  above,  the  input  port  was  terminated  with 
a  50  +j0  load,  and  the  impedance  looking  back  into  the  output  port  was 
measured  at  54  MHz,  and  found  to  have  a  magnitude  of  58  ohms  instead 
of  the  anticipated  50  ohms.  Even  though  the  filter  elements  were 
synchronously  tuned  to  50  MHz  by  the  variable  capacitors,  differences 
between  the  inductors,  etc.  were  such  that  the  reflection  coefficients 
of  each  filter  were  not  identical.  The  analysis  showed  that  near 
identical  reflection  coefficients  are  needed  to  obtain  the  desired 
immunity  from  load  variations.  However,  the  performance  obtained 
throughly  verified  the  theory. 

A  photograph  of  the  spectrum  analyzer  display  is  shown  in  Figure 
5-9.  Extreme  load  variations  are  shown,  namely  an  open  and  a  short 
circuit.  The  small  differences  in  the  center  frequency  and  the  shape 
of  the  skirts  between  these  two  loads  is  indeed  encouraging. 

A  word  on  the  construction  and  operation  of  the  individual  band 
pass  filters  used  above,  and  those  to  be  used  in  the  FHMUX  is  in 
order.  The  filter  used  in  the  experiment  was  not  a  high  Q  precisely 
built  circuit;  the  inductors  were  certainly  not  exactly  alike,  and  the 
entire  assembly  was  tuned  manually  by  viewing  the  spectrum  analyzer. 

As  such,  the  output  impedance  was  not  very  close  to  50  ohms. 

Conversely,  the  intended  nature  of  the  FHMUX  filter  construction 
is  of  a  precise  nature.  The  helical  resonators  will  be  closely 
fixtured.  The  physical  size  of  the  resonators  will  be  such  that  close 
tolerances  can  be  achieved  without  high  tooling  costs.  The  above. 
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Figure  5-9.  Comparison  of  Short  and  open  Circuit  Swept  Response 


plus  the  precise  tuning  afforded  by  the  shunt  capacitive  bus,  and  the 
resulting  digital  input  code,  makes  possible  a  mating  of  nearly 
identical  band  pass  filters  inside  a  given  pair  of  quad  couplers. 

Each  band  pass  filter  will  be  individually  calibrated,  and  have  its 
own  digital  tuning  calibration  code  stored  in  a  PROM  attached  to  the 
assembly. 

With  the  above  construction  and  tuning  techniques  the  analytical 
requirement  of  a  50  ohm  output  impedance  can  be  met,  and  thus  load 
pulling  will  not  be  a  problem. 

5.6  POWER  COMBINING  PROPERTIES 

Section  5.2  describes  how  the  quad-coupled  filters  can  be  used  to 
combine  the  channels.  This  technique  is  advantageous  in  that  a  true 
building  block  approach  is  possible.  Therefore,  the  same  resonator 
design  can  be  used  in  the  output  combiner,  or  cascaded  in  the 
individual  combiners.  This  section  deals  with  the  requirements  for 
efficient  power  combining  when  using  the  quad  coupled  technique. 

A  summary  of  quadrature  hybrid  equations  is  given  in  Figure  5-10. 
For  ease  of  understanding,  the  same  nomenclature  as  in  the  preceeding 
derivations  is  used.  Figure  5-10  shows  the  FHMUX  Channel  A  output. 
Note  that  Port  4  of  the  Channel  A  output  coupler  is  connected  to  Port 
3  of  the  Channel  B  output  coupler. 

Equation  4  has  been  derived,  and  the  effect  on  the  bandpass 
filters  by  the  antenna  VSWR  has  also  been  analyzed.  This  section  is 
concerned  with  the  power  combining  properties  of  the  quadrature 
coupled  resonators  when  connected  together  as  in  Figure  5-10.  A 
mathematical  analysis  will  follow  a  description  of  the  circuit  action. 

Assume  that  Channel  B  is  in  the  transmit  state,  at  frequency 
Channel  A  can  be  in  either  receive  or  transmit,  and  the  two  bandpass 
filters  are  tuned  to  frequency  f^^.  Guard  band  limitations  are  setup 
so  that  the  filter  response  of  the  Channel  A  filters  are  down  by  at 
least  14  dB  for  a  Channel  B  signal.  The  bandpass  filters  are  thus 
highly  reflective  to  this  Channel  B  signal.  Thus  the  Channel  B  signal 
is  incident  to  Port  4  of  the  Channel  A  output  coupler;  it  divides 
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ANTENNA 


EQUATION  1: 

RF  POWER  OUT 
AS  PORT  3  DUE  TO 
RF  POWER  IN  AT  PORT  3' 


PORT  3'  POWER  IN  (T1  +  T2)2 


EQUATION  2: 

POWER  INTO  R1  DUE  TO  _  poRT  3'  POWER  IN  (TT  +  f5)  2 
RF  POWER  IN  AT  PORT  3'  - 4 - - 

EQUATION  3: 

POWER  INTO  PORT  3  OF  _  - 

CHANNEL  B  OUTPUT  COUPLER  =  PORT  3'  POWER  IN  (T2  -  Tl)^ 

DUE  TO  POWER  INTO  PORT  3'  * 

EQUATION  4: 

PORTS' 

INPUT  REFLECTION 
COEFFICIENT 


=  T,r  =  V2  (H  -  r2) 


7162-82 


Figure  5-10.  Quadrature  Hybrid  Relationships 
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equally,  and  its  components  are  incident  upon  the  bandpass  filters. 
Since  the  filters  are  highly  reflective  to  the  Channel  B  signal,  they 
are  cast  back  to  the  Channel  A  output  coupler,  recombined,  and  then 
routed  to  the  antenna  via  Port  3  of  the  Channel  A  output  coupler. 
Therefore  it  is  desirable  for  the  Channel  A  filters  to  be  very 
reflective  as  far  as  the  other  channel  frequencies  are  concerned. 

The  combining  loss  on  a  per  channel  basis  is  thus  defined  as  the 
power  ratio  of  the  Channel  2  output  at  Port  3  of  the  Channel  A  output 
coupler,  to  the  Channel  2  signal  incident  on  Port  4  of  the  Channel  A 
output  coupler.  A  thorough  discussion  of  normalized  waves  and  the 
scattering  matrix  is  given  on  pages  40-45  of  Altmans'  text  on 
"Microwave  Cicuits." 


Power  out  of  Port  3 

1  2 

of  Channel  A  to  =  j  jb^l 

antenna 

Power  into  Port  4 

1  .  .2 

of  Channel  A  from  =  j  ) a^  | 

Channel  B 

Therefore,  the  combining  loss  can  be  defined  as: 


(58) 


(59) 


(60) 
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1: 

The  quadrature  hybrid  scattering  matrix  (Equation  24)  can  again  L 

be  used.  The  A  matrix  will  now  be  defined. 

1. 

(61) 

r 

(62) 

(63) 

a^*  1  (input)  (64)  „ 


®l“^l  ^  1 


*2” ^2  ^  2 


a^®  0 


Therefore 


A 


bj  r  1 
b2r2 
0 
1 


4  ' 


(65) 


And,  the  system  scattering  matrix  is: 


1 


0  0  1  -j 

biFi 

0  0  -j  1 

^2^2 

1  -j  0  0 

0 

-j  1  0  0 

1 

(66) 
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By  expanding r 


1 

TT 


'TT' 


-jb,  r 


1  ‘  1 


_ 2_ 

^/5- 


NoWf  substitute  equations  67  and  68  into  69. 


(67) 


(68) 


(69) 


(70) 


b 


3 


(71) 


Using  Equation  60,  we  have: 


Power  Out  of  Port  3 
Power  Into  Port  4 


(r 

^  I  1  + 


2^ 


1 


2 


Power  Out  of  Port  3 
Power  Into  Port  4 


(72) 


Equation  71  is  the 
showing  the  symmetry  of 


same  as  Equation  2  of  Figure  5-10, 
the  hybrid  coupler. 


thus 


Altmans  text  "Microwave  Circuits”,  pages  12-16,  derives  the 
following  expression  relating  incident  and  transmitted  power,  and 
reflection  coefficient: 

Power  transmitted  =  Power  incident  (1  -  (73) 

This  derivation  is  found  between  pages  12  and  16. 

As  discussed  earlier,  the  bandpass  filters  are  detuned  to  a 
Channel  B  signal.  Equation  72  can  be  used  to  calculate  the  reflection 
coefficient  of  the  filters,  given  the  power  ratio.  Since  the  filters 
are  identically  tuned,  their  reflection  coefficients  will  be  equal. 
Since  the  skirt  attenuation  of  the  filter  elements  is  known,  the 
combining  loss  of  the  RF  path  from  Port  4  to  Port  3  of  the  Channel  A 
output  hybrid  can  be  computed. 

Let  -X=  filter  skirt  attenuation,  in  dB 

dB  =  -  X=  10  log  Pt  (74) 

pT 

Where  Pt  is  the  transmitted  power  and  Pi  is  the  incident  power. 


Pt 

PT 


(75) 


Now,  substituting  from  equation  72 


II  =  (ij-l  r|  2)  =  10 


-X 

and  1 r|  2  =  1  _  iqIO 


(76) 
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Equation  76  is  substituted  in  equation  72  to  obtain  the  desired 
combining  loss. 

The  combining  loss 


-X 

dB  =  10  log  (1  -  10^  )  (77) 

The  results  of  equation  77  have  been  plotted  and  are  shovm  in 
Figure  5-11. 

The  system  study  specified  three  cascaded  bandpass  filters,  each 
having  a  loaded  Q  of  50.  Now,  at  +/-5%,  each  of  these  filters  will 
have  an  insertion  loss  of  14  dB.  This  corresponds  to  point  A  of 
Figure  5-11,  which  shows  a  combining  loss  of  -.176  dB.  Thus,  the 
actual  combining  loss  will  be  .176  dB  plus  the  dissipative  loss  of  the 
hybrid  itself. 

5.7  FILTER  INTERACTION 

The  system  study  which  discussed  the  FHMUX  BER  performance, 
showed  the  need  for  a  narrow  RF  bandwidth.  It  appears  that  the  -40  dB 
bandwidth  of  the  FHMUX  must  be  about  4-/-5%.  This  can  be  accomplished 
by  3  cascaded  helical  resonators,  each  with  a  loaded  Q  of  50.  This 
cascaded  arrangement  results  in  a  3  dB  bandwidth  of  only  -«-/-0.51%.  In 
order  to  maintain  a  low  insertion  loss,  it  is  essential  that  the 
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filters  do  not  interact  with  each  other.  Forms  of  interaction  can  be 
caused  by  unfavorable  VSWR,  undesired  coupling  of  RF  fields,  and 
possible  grounding  effects. 

Undesired  coupling  of  the  high  voltage  RF  fields  can  be  reduced 
greatly  by  shielding  and  the  use  of  helical  resonators.  The  means  of 
connecting  the  resonators  together  to  reduce  adverse  loading  is  also 
critical . 

Figure  5-12  shows  two  methods  of  obtaining  the  desired 
selectivity.  Part  A  of  Figure  5-12  shows  a  standard  means  of 
obtaining  a  two  resonator  response.  Of  concern  is  the  means  of 
coupling  between  Sections  A  and  B  of  the  two  cascaded  resonators. 

This  is  usually  implemented  by  a  carefully  designed  iris  (I),  which  is 
cut  into  the  common  wall  between  the  two  resonator  cavities. 

Assuming  power  flow  from  left  to  right  as  shown,  power  reflected 
from  the  load  is  coupled  back  through  the  output  quad  coupler,  and 
re-reflected  from  the  resonator  circuits  to  the  quad  coupler 
termination  R.  Thus,  power  is  not  reflected  from  the  quad  back  to  the 
load,  but  the  load  VSWR  is  seen  by  each  of  the  resonator  sections 
inside  the  quad  pair,  and  its  magnitude  is  tempered  only  by  the 
insertion  loss  of  the  quad  coupler  itself.  The  iris  is  designed  to 
efficiently  couple  energy  from  resonator  Section  A,  to  Section  B.  The 
effect  of  a  poor  impedance  match  on  the  output  section  will  thus 
detune  both  resonator  sections,  and  will  increase  insertion  loss  and 
deform  the  shape  of  the  filter  skirts. 

Part  B  of  Figure  5-12  shows  how  the  filter  interaction  problem 
can  be  greatly  reduced,  but  at  the  expense  of  an  additional  pair  of 
quad  couplers.  The  actio  .  .2  quad  coupler  Q3  presents  an  excellent 
impedance  match  to  the  output  of  the  input  filter  section.  Also,  any 
VSWR  effects  present  at  the  input  are  not  handed  on  to  the  output 
section.  As  long  as  the  individual  resonators  inside  the  quad  pairs 
are  tuned  reasonably  close  to  each  other,  the  cascaded  sections  are 
independent  of  each  other. 

This  circuit  presents  an  attractive  means  to  cascade  additional 
resonator  sections  in  order  to  improve  FHMUX  selectivity. 
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QUAD  COUPLER 


5.8  HIGH  Q  RESONATOR  STUDY 

The  Second  Quarterly  Report  recommended  the  use  of  helical 
resonators  instead  of  lumped  L-C  circuits.  A  separate  study  has  since 
verified  this  selection.  Alternate  high  Q  resonators  have  been 
studied/  and  the  results  are  shown  in  Appendix  B. 

5.8.1  Introduction 

The  system  study  recommended  a  40  dB  bandwidth  of  -t-/-5%. 
Achievement  of  a  -2  dB  insertion  loss  at  the  center  frequency  of  any 
given  channel  is  the  design  goal.  If  three  filter  sections  are 
cascaded/  with  each  quad  coupler  having  nominal  -0.1  dB  combining 
loss  and  a  resonator  loss  of  about  -0.5  dB/  the  -2.0  dB  design  goal 
figure  may  be  feasible.  However/  the  combining  loss  described  in  the 
previous  section  must  also  be  taken  into  account.  Namely,  an  off 
tuned  filter  may  have  a  combining  loss  of  0.18  dB.  This  effect  is 
shown  in  Figure  5-13.  Thus,  the  insertion  loss  of  any  given  channel 
can  vary  from  -2.1  to  -3.2,  depending  on  its  closeness  to  the 
antenna. 

As  shown,  an  RF  signal  leaving  Port  9  will  pass  through  channels 
D,  C,  B,  and  A  before  reaching  the  antenna,  and  incur  a  0.18  dB 
combining  loss  in  each  channel,  plus  an  additional  0.1  quad  coupler 
loss  in  each  channel. 


5.8.2  Bounding  The  Problem 

The  insertion  loss  of  a  resonant  circuit  is  set  by  the  ratio  of 
unloaded  to  loaded  Q  as  noted  below,  and  is  shown  in  Figure  5-14. 


Loss  (dB)  =  20  Log  (Qu/Q  1) 

Qu/Ql-1 


(78) 


Thus,  achievement  of  a  0.5  dB  insertion  loss  will  require  a  ratio  of 
Qu  to  Q1  of  at  least  18.  This  means  that  the  unloaded  Q  of  the 
resonator  (including  the  switchable  capacitors)  must  equal  or  exceed 
900. 
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Figure  5-14.  Insertion  Losss  in  dB  vs  QU/QL 
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k  basic  model  of  the  resonator  is  shown  in  Figure  5-15,  along 
with  equations  79  and  80.  Equation  79  shows  that  the  resonator 
unloaded  Q  is  the  parallel  combination  of  the  inductor  and  capacitor 
Q.  Thus,  the  resonator  unloaded  Q  will  always  be  lower  than  the 
lesser  of  the  two.  Usually,  the  Q  of  the  capacitor  is  much  higher 
than  that  of  the  inductor,  but  with  use  of  the  switched  capacitive 
shunt  reactive  bus,  this  is  no  longer  true. 

Helical  resonator  design  is  predicated  on  the  desired  Q  and  self 
resonant  frequency.  The  physical  siee  of  the  resonator  is  a  result  of 
these  two  parameters.  This  value  of  Q  exists  only  at  the 
self- resonant  frequency,  and  is  lower  at  other  frequencies.  At  the 
self  resonant  frequency,  the  resonator  model  approaches  that  of  a 
quarter  wave  transmission  line  with  a  short  circuit  termination.  Also, 
as  the  frequency  is  lowered,  the  effective  inductance  decreases.  At 
frequencies  close  to  self  resonance,  the  value  of  inductance  is  high, 
and  the  amount  of  capacity  needed  to  resonate  the  filter  is  small. 

The  Q  of  the  helical  resonator  is  proportional  to  the  square  root 
of  the  frequency,  hence  the  lowest  Q  is  obtained  at  30  MHz.  The 
general  design  procedure  is  to  select  a  helical  resonator  self 
resonant  frequency  that  is  about  10%  higher  than  the  highest  in  band 
frequency,  along  with  the  desired  Q  at  this  same  frequency.  The 
higher  the  desired  Q,  the  larger  the  size  of  the  resonator,  as  shown 
below. 


Desired  fo 
Desired  Q 
Width  3  Length 
Height 
Turns 


100  MHz 
3000 

5  Inches 
8  Inches 
3.2 


The  Q  at  the  low  end  of  the  band  will  be  less  than  at  fo,  and 
must  be  taken  into  account. 

As  noted,  an  insertion  loss  of  0.5  dB  requires  an  unloaded  to 
loaded  Q  ratio  of  about  18.  Thus  a  filter  circuit  with  a  loaded  Q  of 
50,  and  an  insertion  loss  of  -.5  dB  will  require  an  unloaded  Q  of 
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Ql  Qc 


Ql  ^o'\  L°u  Qu  crRoJ 
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WHERE  R  =  Rl  +  Rc 


FOR  A  HELICAL  RESONATOR, 

Q  =  60  0^ 

0  =  SIDE  DIM.  IN  INCHES 
F  =  MHz 


Figure  5-15.  Resonator  Model 
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about  900.  Also,  the  filter  unloaded  Q  is  the  parallel  combination  of 
the  inductor  and  capacitance  Q's.  Figure  5-16  illustrates  this  point. 
Point  A  shown  that  if  Q1  is  2400  at  the  lowest  frequency  of  interest, 
the  capacitor  must  have  a  Q  of  about  1400  if  the  insertion  loss  is  to 
be  0.5  dB. 

A  search  for  a  high  quality  transmitting  capacitor  indicates  that 
the  ATC  lOOE  series  has  the  highest  Q.  The  Q  is  specified  to  be 
greater  than  10,000  at  1  MHz.  It  is  estimated  that  the  Q  will  be 
about  3500  at  88  MHz.  Thus,  the  parameters  of  size,  Q,  and  insertion 
loss  have  been  assembled  such  that  the  problem  is  adequately  bounded. 

5.9  COMPUTER  AIDED  DESIGN  AND  ANALYSIS 

5.9.1  Helical  Resonator 

The  design  procedure  for  helical  resonators  is  well-documented, 
but  most  references  present  cluttered  nomographs  as  a  design  aid.  A 
calculator  program  was  written  to  enable  easy  computation  of  the 
resonator  physical  dimensions,  and  its  characteristic  impedance.  The 
program  also  computes  the  required  value  of  resonating  capacitance, 
effective  inductance,  and  unloaded  Q  at  frequencies  other  than  the 
self  resonant  frequency.  A  sample  printout,  and  a  plotted  graph  are 
shown  in  Table  5-1  and  Figure  5-17. 

The  helical  resonator  is  actually  a  shorted  transmission  line, 
and  is  self  resonant  at  a  frequency  where  its  electrical  length  is 
close  to  a  quarter  wavelength. 

Now,  as  the  frequency  is  lowered,  the  impedance  remains 
inductive,  and  varies  as  shown: 

X  =  j  Zff  tan  .  84. Tj 

Thus,  as  the  frequency  is  lowered,  the  reactance  changes.  When 
this  reactance  is  divided  by  the  radians  per  second,  it  is  seen  that 
the  actual  "inductance"  is  not  constant. 
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Q  CAPACITOR 


°  INDUCTOR  (''•) 
Q  CAPACITOR 
FOR  A  LOADED 
QOF  50, 

WITH  INSERTION 
LOSS  AS  A 
PARAMETER 


0.4  dB 
QU  =  1110 


0.5  dB 
QU  =  893 


0.6  dB 
,  QU  =  749 


0.7  dB  > 
QU  -  646 


Figure  5-16. 
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Q  INDUCTOR 

Q  Inductor  vs.  Q  Capacitor  For  a  Loaded  Q  of  50,  with 
Insertion  Loss  as  Parameter 


3500. 

QU 

70.0 

FMHZ 

94. 

FMHZ 

8.0391676  00 

C,PF 

6.016623937 

S,IN 

6.4303276-01 

L,UH 

2.829041133 

N 

3.0203212  03 

QU 

144.1042827 

Zo 

3.970971798 

D,IN 

7.5  01 

FMHZ 

9.626598298 

H,IN 

6.0996694  00 

C,PF 

7.3826358-01 

L,UH 

50. 

FMHZ 

3.1263295  03 

QU 

2.2088857  01 

C,PF 

4.5869818-01 

L,UH 

8.  01 

FMHZ 

2.552637  03 

QU 

4.4856904  00 

C,PF 

8.8232989-01 

L,UH 

5.5  01 

FMHZ 

3.2288592  03 

QU 

1.7150605  01 

C,PF 

4.8824233-01 

L,UH 

8.5  01 

FMHZ 

2.6772287  03 

QU 

3.1194502  00 

C,PF 

1.1238914  00 

L,UH 

6.  01 

FMHZ 

3.3282319  03 

QU 

1.3373745  01 

C,PF 

5.261199-01 

L,UH 

8.8  01 

FMHZ 

2.7962741  03 

QU 

2.3941334  00 

C.PF 

1.3662387  00 

L,UH 

6.5  01 

FMHZ 

3.3864561  03 

QU 

1.0412361  01 

C,PF 

5.757903-01 

L,UH 

2.9104544  03 

QU 

QU  =  RESONATOR  UNLOADED  Q 
FMHZ  =  FREQUENCY  IN  MEGACYCLES 
S  =  RESONATOR  WIDTH  AND  DEPTH  IN  INCHES 
N  =  NUMBER  OF  TURNS 

Zo  =  RESONATOR  CHARACTERISTIC  IMPEDANCE  IN  OHMS 

D,IN  =  DIAMETER  OF  HELIX,  IN  INCHES 

H,IN  =  HEIGHT  OF  RESONATOR  IN  INCHES 

C,PF  =  CAPACITANCE  IN  PICOFARADS 

L,UH  =  INDUCTANCE  IN  MICROHENRIES  7,59., 
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Figure  5-*17.  Resonator  Design  Aid  High  Band  Resonator 


Table  5-1  shows  that  a  self  resonant  Q  of  3500  is  necessary  to 
obtain  a  helical  resonator  Q  of  2552  at  30  MHz.  This  is  the  basis  for 
point  A  in  Figure  5-16.  Figure  5-17  also  shows  the  frequency 
increments  over  which  certain  capacitive  elements  are  active  in  the 
shunt  binary  capacitive  bus. 

The  calculator  printout  shown  in  Table  5-1  begins  with  the 
selection  of  the  resonator  unloaded  Q  (3500)  at  the  self  resonant 
frequency  (94  MHz) .  With  this  data,  the  program  then  calculates  the 
resonator  physical  parameters  such  as  width,  height,  and  number  of 
turns.  It  also  calculates  the  resonator  characteristic  impedance. 

This  is  the  design  section  of  the  program. 

The  analysis  section  computes  the  effective  inductance  and 
unloaded  Q  of  the  resonator  at  a  given  frequency,  and  the  value  of 
capacity  needed  to  provide  resonance  at  that  frequency.  The  entry  at 
88  MHz  shows  that  2.39  pF  is  needed  to  provide  resonance.  Thus,  the 
shunt  capacitive  bus  cannot  present  more  than  2.39  pF  with  all 
capacitors  switched  into  the  "off"  state  at  88  MHz.  This  is  a  key 
design  parameter  for  the  shunt  capacitive  bus. 

5.9.2  Shunt  Capacitance  Binary  Bus  Discussion 

The  binary  capacitance  bus  is  the  vehicle  chosen  to  tune  the 
helical  resonator.  This  circuit  possesses  advantages  characteristic 
of  digital  structures.  It  can  be  instantly  tuned  to  a  desired  state 
without  slewing.  The  use  of  solid  state  switching  devices  enables  its 
use  for  fast  frequency  hopping  applications.  In  this  way,  extreme 
frequency  agility  can  be  achieved  because  any  reactance  value  is  only 
removed  by  one  configuration  period  from  any  other  reactance  value. 

Previous  work  reported  in  the  Third  Quarterly  Report  is 
contained  in  Appendix  F.  This  initial  model  was  unsuccessful,  but 
still  useful  in  that  the  problem  areas  were  quickly  identified. 

A  simplified  schematic  of  a  shunt  binary  reactive  bus  is  shown  in 
Figure  5-18.  The  actual  values  of  the  capacitors  're  modeled  in  a 
binary  manner,  as  shown. 
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A  limiting  factor  in  achieving  a  resonator  unloaded  Q  of  about 
900  is  the  PIN  Diode.  Extensive  computer  modeling  leads  to  the 
conclusion  that  some  form  of  band  splitting  is  necessary.  Also,  the 
"on/off"  capacitance  ratio  is  not  nearly  ideal  for  the  smaller 
capacitors  in  the  bus. 

A  preliminary  PIN  diode  specification  was  prepared  and  sent  out 
to  15  PIN  diode  vendors.  A  few  vendors  were  optimistic  regarding  the 
achievement  of  this  performance,  however  it  is  now  realized  that  this 
specification  was  not  rigorous  enough. 

A  recent  IEEE  MTT  Publication  (May,  1979)  "Microwave 
Semiconductor  Control  Devices"  by  Mr.  R.V.  Carver,  states  the 
following: 

"A  second  area  of  interest  is  the  speed  and  power  limitations  of 
P-I-N  diode  control  devices.  This  art  has  progressed  little  in  the 
last  10  years  and  remains  short  of  the  theoretical  limit  without 
explanation.  The  technology  suffers  with  poor  and  conflicting 
definitions  for  switching  speed,  certain  theoretical  areas  have  been 
consistently  handled  incorrectly,  and  no  one  has  yet  taken  a  good  look 
at  the  experimental  performance  of  the  P-I-N  diode  junction  in 
switching  transition." 

This  respected  author  then  describes  a  possible  FET  configuration 
which  will  in  theory  surpass  the  PIN  Diode  as  an  RP  switching  element. 
In  general,  he  proposes  a  GaAs  depletion  mode  FET.  Such  a  device  is 
not  yet  available,  but  the  above  article  is  at  least  a  start. 

The  above  reference  spurred  a  literature  search  describing 
development  of  an  FET  RF  switch.  Nothing  was  found.  The  author 
of  the  reference,  Mr.  R.V.  Carver,  was  contacted  at  the  Harry  Diamond 
Laboratory,  and  provided  the  following  comments: 

.  There  is  insufficient  dollar  interest  at  this  time  to  entice 
the  semiconductor  industry  to  build  such  an  FET 

.  PIN  Diodes,  despite  their  failings,  will  continue  to  be  the 
major  RF  switching  element  for  approximately  the  next  five 
years 
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.  Those  who  are  using  FET's  select  available  devices  and  try 
them  emperically  in  circuits 

.  In  general,  the  all  glass  construction  used  in  Unitrode  PIN 
Diodes  gives  the  highest  off  resistance  available.  An  Rp  of 
1  Megohm,  and  Cp  of  1-5  pF  is  achievable. 

The  main  problem  areas  of  the  binary  bus  described  in  Appendix  F 

are: 

.  The  wide  frequency  range  necessitated  relatively  large 

values  of  capacity  in  the  bus.  These  large  values  were  only 
switched  in  at  the  low  end  of  the  band  (30-50  MHz) .  Thus  at 
higher  frequencies,  the  off  impedance  of  the  PIN  Diode  in 
series  with  these  larger  capacitor  values,  destroyed  the  Q 
of  the  resonator 

.  Tuning  accuracy  was  impaired  by  the  poor  "on/off"  ratio  of 
the  small  capacitor  elements 

.  At  that  time,  a  +/-2%,  40  dB  bandwidth  system  was  contem¬ 
plated,  thus  a  loaded  Q  of  113  was  needed. 

5.9.3  Resonator  Design  Decisions 

It  was  decided  to  paper-design  a  bandpass  filter  with  the 
following  features: 

.  The  frequency  range  is  50-88  MHz 

.  The  helical  resonator  self  resonant  frequency  (f^)  will  be 
set  at  105  MHz,  thus  enabling  the  bus  to  tune  the  resonator 
at  88  MHz.  The  bus  described  in  Figure  5-17  has  a  minimum 
capacity  of  about  4.5  pF  at  88  MHz,  and  a  resonator  with  an 
fg  of  105  Mhz  will  require  4.6  pF  at  88  MHz. 

.  The  three  highest  value  capacitors  will  use  two  PIN  Diodes 
in  series  to  raise  the  Rp 

.  The  diode  parameters  are  assumed  to  be:  Rp  =  1  MEG,  Cp  =  2 
pF,  and  Rs  >  0.1  ohms. 
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Table  5-2  shows  the  basic  design  and  analysis  of  the  resonator 
described  above.  The  design  procedure  and  parameter  nomenclature  are 
the  same  as  shown  in  Table  5-1. 

A  schematic  diagram  of  the  resonator  design  given  in  Table  5-2, 
and  the  required  shunt  capacitive  bus  is  shown  in  Figure  5-19.  Note 
that  each  of  the  three  branches  with  the  highest  value  of  capacity  (3, 
4,  and  12  pF)  have  two  PIN  Diodes  in  series  to  increase  the  "off" 
impedance. 

A  rigorous  analysis  of  Figure  5-19  was  performed  at  three 
frequencies.  These  frequencies,  and  associated  parameters  are  given 
in  Table  5-2.  Case  one  is  at  53  MHz,  case  two  at  70  MHz,  and  case 
three  is  at  87  MHz. 

A  brief  description  of  the  calculator  program  used  for  this 
analysis  is  given  in  Figure  5-20,  along  with  an  explanation  of  the 
abbreviations. 

Figure  5-19  shows  a  total  of  eight  branches  in  the  shunt 
capacitive  bus.  For  accurate  tuning,  the  correct  PIN  Diode  switching 
arrangement  must  be  known  for  every  desired  frequency.  As  noted,  the 
circuit  of  Figure  5-19  is  to  be  analysed  at  three  frequencies.  As  a 
first  step  each  branch  of  the  bus  must  be  analyzed  in  both  PIN  Diode 
states.  The  diode  parameters  associated  with  these  states  are  shown 
in  Figure  5-19.  Upon  completion  of  this  diode  "on/off  analysis,  the 
diode  switching  arrangement  can  be  determined  by  simply  summing  the 
branch  capacitors  to  obtain  the  correct  value  of  total  bus  capacity. 
These  values  are  obtained  from  Table  5-2. 

The  "on/off  analysis  for  53,  70,  and  87  MHz  is  shown  in  Tables 
5-3,  5-4,  and  5-5.  These  figures  serve  as  a  "shopping  list"  of 
capacitive  values  to  structure  the  bus. 

The  actual  filter  analysis  is  shown  in  Table  5-6,  5-7,  and  5-8. 
The  diode  states  for  each  branch  are  shown  in  the  figures.  The 
printout  shows  the  Q  of  each  branch;  hence  problem  situations  can  be 
easily  recognized. 
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TABLE  5-2.  HELICAL  RESONATOR  DESIGN  AND  ANALYSIS 


DESIGN  DATA 

MHZ 

ANALYSIS  DATA 

3500. 

QU 

70 

1.1079101  01 

C,PF 

105. 

FMHZ 

4.6659456  01 

C,PF 

5. 692750426 

S,IN 

4.6659456-01 

L,UH 

2.676754486 

N 

2.857738  03 

QU 

136.3471816 

ZO 

3.757215281 

D,IN 

65 

1.3843877  01 

C,PF 

9.108400681 

H,IN 

4.3306771-01 

L,UH 

2.7537853  03 

QU 

MHZ 

ANALYSIS  DATA 

60 

1.7307346  01 

C,PF 

88 

4.5925085  00 

C,PF 

4.0654374-01 

L,UH 

7.1223768-01 

L,UH 

2.6457513  03 

QU 

3.204164  03 

QU 

55 

2.1737396  01 

C,PF 

87 

4.857635  00 

C,PF 

3.852187-01 

L,UH 

6.8898282-01 

L,UH 

2.533114  03 

QU 

3.1859065  03 

QU 

54 

2.2771943  01 

C,PF 

86 

5.1311259  00 

C,PF 

3.814632-01 

L,UH 

6.6746836-01 

L,UH 

2.0599801  03 

QU 

3.1675437 

QU 

53 

2.3864897  01 

C,PF 

85 

5.413399  00 

C,PF 

3.778583-01 

L,UH 

6.4763808-01 

L,UH 

2.4866309  03 

QU 

3.1490739  03 

QU 

52 

2.502081  01 

C,PF 

80 

6.9729345  00 

C,PF 

3.7439687-01 

L,UH 

5.6760303-01 

L,UH 

2.4630604  03 

QU 

3.0550505  03 

QU 

51 

2.6244687  01 

C,PF 

75 

8.8311464  00 

C,PF 

3.7107228-01 

L,UH 

5.0991837-01 

L,UH 

2.4392622  03 

QU 

2.9580399  03 

QU 

50 

2.7542037  01 

C,PF 

3.6787833-01 

L,UH 

2.4152295  03 

QU 

99 


Figure  5-19.  Schematic,  50-88  MHz  Frequency  Hoppable  Band  Pass 
Filter 
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TABLE  5-3.  ON/OFF  VALUES  AT  53  MHz 


DIODE 

STATE 

BRANCH 

ANALYSIS 

DIODE 

STATE 

BRANCH 

ANALYSIS 

0. 

RS 

0.  00 

RS 

0.075 

L,NH 

7.5-02 

l.-Ol 

C,PF 

l.-Ol 

C.PF 

3.5  03 

Q 

OFF 

3.5  03 

Q 

ON 

l.-Ol 

RP 

1.  06 

RP 

0.  00 

CPPF 

2.  00 

CPPF 

5.3  01 

FHMZ 

53. 

FHM7 

1.0000008-01 

C,PF 

9.5240447-02 

C.PF 

3.4596735  03 

Q 

2.  9108361  03 

Q 

l.-Ol 

C,PF 

1.8-01 

C.  PF 

ON 

3.  5  03 

Q 

3.  5  03 

0 

1.8000027-01 

C,PF 

OFF 

1.  06 

RP 

3. 4280753  03 

0 

2.  00 

CPPF 

1.6514469-01 

C.PF 

3.75-01 

C,PF 

2.5907442  03 

0 

3.  5  03 

Q 

ON 

3. 7500117-01 

C,PF 

3.  75-01 

C.PF 

3.3534198  03 

Q 

3.5  03 

Q 

1.  06 

RP 

7.5-01 

C,PF 

2.  00 

CPPF 

ON 

3.5  03 

0 

3. 1581534-01 

C.PF 

7. 5000468-01 

C,PF 

2.0943458  03 

Q 

3.  2186228  03 

Q 

7.5-01 

C.PF 

1.5  00 

C,PF 

3.5  03 

0 

3.5  03 

Q 

OFF 

1.  06 

RP 

ON 

1.5000187  00 

C.PF 

2.  00 

CPPF 

2.9791182  03 

Q 

5. 4553171-01 

C.PF 

1.6208534  03 

0 

3.  00 

C.PF 

3.5  03 

Q 

1.  5  00 

C.PF 

ON 

2.-01 

RP 

3.5  03 

0 

0.  00 

CPPF 

OFF 

1.  06 

RP 

3.0000749  00 

C.PF 

2.  00 

CPPF 

2.0595978  03 

Q 

8. 5733342-01 

C.PF 

1.2402583  03 

0 

6.  00 

C.PF 

3.5  03 

Q 

3.  00 

C.PF 

ON 

2.-01 

RP 

3.5  03 

Q 

0.  00 

CPPF 

2.  06 

RP 

6.0002994  00 

C.  PF 

OFF 

1.  00 

CPPF 

1. 4590892  03 

Q 

7. 50056831-01 

C.PF 

8.3599512  02 

Q 

1.2  01 

C.PF 

3.  5  03 

Q 

6.  00 

C.FF 

ON 

2.-01 

RP 

OFF 

3.5  03 

0 

0.  00 

CPPF 

2.  06 

RP 

1.2001198  01 

C.  PF 

1.  00 

CPPF 

9.2162182  02 

Q 

8.5788522-01 

C.  PF 

7. 5394409  02 

Q 

TOTAL 

1.2  01 

C.  PF 

CAPACITY 

2. 3906595  01 

C.PF 

OFF 

3.  5  03 

0 

PF 

1.2246866  03 

0 

2.  06 

RP 

1.  00 

CPPF 

9.2393795-01 

C.PF 

7. 1099355  02 

0 

TOTAL 

CAPACITY 

4.  5114565  00 

C.PF 

PF 

0  OF  BUS 


9. 7856866  02 


Q 


TABLE  5-4.  ON/OFF  VALUES  AT  70  MHZ 


DIODE 

STATE 

BRANCH 

ANALYSIS 

DIODE 

STATE 

BRANCH 

ANALYSIS 

0. 

RS 

0.  00 

0.075 

L,NH 

7.  5  02 

L.NH 

l.-Ol 

C,PF 

l.-Ol 

C.PF 

3,  5  03 

Q 

3.5  03 

0 

ON 

1.  01 

RP 

OFF 

1.  06 

RP 

0.  00 

CPPF 

2.  00 

CPPF 

7.  01 

FMHZ 

7.  01 

FMHZ 

1.0000015-01 

C,PF 

9. 5240499-02 

C.PF 

3.4463335  03 

Q 

3.0656298  03 

Q 

1.8-01 

C,PF 

1.8-01 

C.PF 

3.5  03 

0 

3.5  03 

Q 

ON 

1. 8000047-01 

C,PF 

1.  06 

RP 

3.4056249  03 

0 

OFF 

2.  00 

CPPF 

1. 6514484-01 

C.PF 

3.75-01 

C,PF 

2.8096927  03 

0 

ON 

3.5  03 

0 

3.7500204-01 

C,PF 

3. 75-01 

C.PF 

3.3089651  03 

0 

3.5  03 

0 

OFF 

1.  06 

RP 

7.5-01 

C,PF 

2.  00 

CPPF 

3.5  03 

Q 

3. 1581591-01 

C.PF 

ON 

7. 5000816-01 

C.PF 

2.3812069  03 

0 

3.  137703  03 

0 

7. 5-01 

C.PF 

1.5  00 

C,PF 

3.5  03 

0 

3.5  03 

Q 

OFF 

1.  Ob 

RP 

ON 

1.5000326  00 

C,PF 

2.  00 

CPPF 

2.  8433697  03 

Q 

5.  4553341-01 

C.PF 

1.9319978  03 

0 

3.  00 

C.PF 

3.5  03 

0 

1. 5  00 

C.PF 

ON 

2.-01 

RP 

3.5  03 

0 

0.  00 

CPPF 

OFF 

1.  06 

RP 

3.0001306  00 

C,PF 

2.  00 

CPPF 

1.8193992  03 

Q 

8. 5733762-01 

C.PF 

1.5381432  03 

0 

6.00 

C.PF 

3.  5  03 

Q 

3.  00 

C.PF 

ON 

2.-01 

RP 

3.5  03 

0 

0.  00 

CPPF 

2.  06 

RP 

6.0005223  00 

C.PF 

OFF 

1.  00 

CPPF 

1. 2291465  03 

Q 

7. 5052126-01 

C.PF 

1.083373  03 

0 

1.2  01 

C.PF 

3.5  03 

0 

6.  00  00 

C.PF 

ON 

2.-01 

RP 

3.5  03 

0 

0.  00 

CPPF 

OFF 

2.  06 

RP 

1.200209  01 

C,PF 

1.  00 

CPPF 

7.4542145  02 

Q 

8.5788907-01 

C.PF 

9.8602864  02 

0 

TOTAL 

CAPACITY 

2. 3907782  01 

C.PF 

1.2  01 

C.PF 

PF 

3.5  03 

0 

OFF 

2.  06 

RP 

BUS  Q 

1.0133131  09 

0 

1.  00 

CPPF 

9. 2394241-01 

C.PF 

9.3435513  02 

0 

TOTAL 

CAPACITY 

4.5114747  00 

C.PF 

PF 

BUS  0 

1. 2483555  03 

0 

92  83 
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TABLE  5-5.  ON/OFF  VALUES  AT  87  MHz 


DIODE 

STATE 

BRANCH 

ANALYSIS 

DIODE 

STATE 

BRANCH 

ANALYSIS 

0. 

6.2575358  02 

Q 

0.057 

X.-Ol 

C.PF 

0.  00 

RS 

ON 

3.5  03 

Q 

7.5-02 

L,NH 

l.-Ol 

RP 

l.-Ol 

C,PH 

0.  00 

CPPP 

OFF 

3.5  03 

0 

8.7  01 

PMHZ 

1.  06 

RP 

1.00000022-01 

C,PP 

2. 

CPPF 

3.  4342864  03 

0 

8.7  01 

9.5240569-02 

C,PF 

1.8-01 

C,PF 

3. 1682682  03 

Q 

ON 

3.5  03 

<3 

1.8000073-01 

C,PP 

1.8-01 

C,PF 

3.3834656  03 

0 

3.5  03 

0 

1.  06 

RF 

3.75-01 

C,PF 

OFF 

2.  00 

CPPF 

3.5  03 

Q 

1.6514505-01 

C,PF 

ON 

3.7500315-01 

C,PP 

2.9621976  03 

Q 

3.  2656713  03 

Q 

3.75-01 

C,PF 

7.5-01 

C,PF 

3.5  03 

0 

3.5  03 

0 

1.  06 

RP 

ON 

7.5001261-01 

C,PF 

OFF 

2.  00 

CPFF 

3.0607476  03 

Q 

3. 1581667-01 

C,PF 

2.5979833  03 

0 

1.5  00 

C,PF 

ON 

3.5  03 

0 

7. 5-01 

C,PF 

1.5000504  00 

C,PP 

3.5  03 

0 

2.7194441  03 

i 

OFF 

1.  06 

RP 

2.  00 

CPPP 

3.00 

C,PF 

5.4553569-01 

C,PF 

3.5  03 

Q 

2.1878493  03 

0 

ON 

2.-01 

RP 

2.  00 

CPFF 

1.5  00 

C,PF 

3.0002015  00 

C,RP 

3.5  03 

0 

1.6293604  03 

Q 

1.  06 

RP 

OFF 

2.  00 

CPPP 

6.00 

C,PF 

8.  5734320-01 

C,PP 

3.5  03 

Q 

1.8017685  03 

Q 

ON 

0.2 

RP 

0. 

CPPF 

3.  00 

C,PF 

6.0008069  00 

C,PF 

3.5  03 

0 

1.0617904  03 

Q 

OFF 

2.  06 

1.  00 

CPPP 

1.2  01 

C,PF 

7.5057545-01 

C,PP 

ON 

3.5  03 

Q 

1. 3216136  03 

Q 

2.-01 

RP 

0.  00 

CPPF 

6.  00 

C,PF 

1.2003228  01 

C,PF 

3.5  03 

Q 

OFF 

2.  06 

RP 

1.  00 

CPPP 

8.5789455-01 

C,PP 

1.2136122  03 

Q 

TOTAL 

1.2  01 

C,PP 

CAPACITY 

2.  3909298  01 

C,PF 

3.5  03 

0 

PF 

OFF 

2.  06 

RP 

1.  00 

CPPP 

0  OF  BUS 

8.6412665  02 

0 

9.2394877-01 

C,PP 

1. 1554934  03 

Q 

TOTAL 

CAPACITY 

4.  5114999  00 

C,PP 

PF 

0  OF 

BUS 

1.5003391  03 

0 

96-(3 
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TABLE  5-6.  FILTER  ANALYSIS  AT  53  MHz 


BRANCH 

DIODE 

BRANCH 

PREQUENCy  ERROR  ANALYSIS 

ANALYSIS 

00  .0 

RS 

Single  Resonator 

7.5-02 

L,NH 

Desired  Po  -  53.000  HHz 

I. -01 

C.PT 

3.5  03 

0 

1.  N 

1 

orr 

1.  06 

RP 

50.  Q1 

2.  00 

CPPP 

52.958924  N 

5.3  01 

FHHZ 

53.  P 

9.5240447-02 

C,PF 

-.0260482907  Q1 

2.9108361  03 

Q 

-.026dB  Loss  Per  Resonator 

1.8-01 

c.pp 

Due  to  Frequency  Error 

3.5  03 

Q 

2 

ON 

l.-Ol 

RP 

0.  00 

CPPF 

1.8000027-01 

C,PF 

Loss  Analysis  Based  on 

3.4280753 

03  0 

Ratio 

of  Unloaded  To  Loaded 

Q. 

3.75-01 

C,PF 

3 

ON 

3.5  03 
l.-Ol 

0 

RP 

0.  00 

CPPP 

3.7500117-01 

C,PF 

dB  ■  20  Log  QU/QL  +  Tuning 
OU/oL-1  Loss 

3.3534198  03 

0 

7. 5-01 

C,PF 

-  20  Log  16.4  +  .026 

3.5  03 

0 

1 6e  4*1 

4 

ON 

l.-Ol 

RP 

0.  00 

CPPF 

-  0.  55  +  .026 

7.5000468-01 

C,  PF 

2.21862228  03 

0 

>  0.  576  dB  Per  Pi  Iter 

1.5  00 

C,PF 

3.5  03 

0 

5 

ON 

l.-Ol 

RP 

0.  00 

CPPF 

1.5000187  00 

c.pp 

2.9791182  03 

Q 

3.  00 

C.PP 

3.5  03 

0 

6 

ON 

2.-01 

RP 

0.  00 

CPPF 

3.0000749  00 

c.pp 

2.0595978  03 

Q 

6.  00 

C,PF 

3.5  03 

0 

7 

ON 

2,  *01 

RP 

0.  00 

CPPF 

6.0002994  00 

C,PF 

1.4590892  03 

Q 

1.2  01 

C,PF 

3.5  03 

Q 

2.-01 

RP 

0.  OO 

CPPF 

1.2001198  01 

C,PF 

9.21162182  02 

0 

TOTAL 

CAPACITY, 

PF 

2. 3901835  01 

C,PF 

BUS  0 

1.2242036  03 

Q 

RESONATOR 

1  INDUCTANCE 

3.7786  02 

L,NH 

(r>K) ,  AND 
53  NHz 

Q  AT 

2.487  03 

Q 

1  ACTUAL  FILTER 

RESONANT 

FREQ> 

5.  2958924  01 

FNHZ 

UBNCY  AND 
UNLOADED 

0. 

8.2037922  02 

0 

105 


TABLE  5-7.  FILTER  ANALYSIS  AT  70  MHz 


BRANCH 

NUMBER 

DIODE 

STATE 

BRANCH 

ANALYSIS 

FREQUENCY  ERROR  ANALYSIS 

0. 

RS 

SINGLE  RESONATOR. 

0.075 

L,NH 

DESIRED  FO  - 

l.-Ol 

C,PF 

70.000  MHz 

3.5  03 

0 

1 

ON 

l.-Ol 

RP 

1.  N 

0.  00 

CPPF 

50.  01 

7.  01 

FNHZ 

71.631853  FC 

1.0000015-01 

C,PF 

70.  F 

3.4469335  03 

0 

-7.916758412  OB 

1.8-01 

C,PF 

-7.92  dB  LOSS  PER  RESONATOR 

3.5  03 

Q 

DUE  TO  FREQUENCY  ERROR. 

2 

ON 

l.-Ol 

RP 

(CORRECTABLE) 

0.  00 

CPPF 

1.8000047-01 

C,PP 

3.4056249  03 

0 

LOSS  ANALYSIS  BASED  OH 

RATIO  OF  UNLOADED  TO  LOADED 

3.75-01 

C,  PF 

Q. 

3.5  03 

Q 

3 

ON 

l.-Ol 

RP 

QU  -  942  •  18.84 

0.  00 

CPPF 

QL  50 

3.  •’300204-01 

C,PF 

•>.3089651  03 

Q 

dB  -  20  Log  OU/OL  +  TUNING 

QU/QL-l  LOSS 

7.5-01 

C,PF 

3.5  03 

0 

•  20  LOG  18.84  +  7.92 

l.-Ol 

RP 

18.84  -  1 

4 

ON 

0.  00 

CPPF 

7.5000816-01 

C,PF 

-  0.  473  -  7.92 

3.137703  03 

0 

dB  >  8.39  dB  PER  FILTER 

1.5  00 

C,PF 

3.5  03 

Q 

l.-Ol 

RP 

COMMENT;  THE  7.92  dB 

5 

ON 

0.  00 

CPPF 

TUNING  LOSS  IS  CORRECTABLE 

1.5000326  00 

C,PF 

2.8433697  03 

0 

3.  00 

C,PF 

3.5  03 

0 

2.  06 

RP 

6 

OFF 

1.  00 

CPPF 

7.  5057126-01 

C,PF 

1.083373  03 

0 

6.  00 

C,PF 

3.5  03 

Q 

2.-01 

RP 

7 

ON 

0.  00 

CPPF 

6.0005223  00 

C.PF 

11.2291465  03 

0 

1.2  01 

C.PF 

3.5  03 

Q 

8 

OFF 

2.  06 

1.  00 

CPPF 

9.2394241-01 

C.BF 

9.3435513  02 

0 

TOTAL 

CAPACITY 

PF 

1.0580079  01 

C.PF 

BUS  0 

1.4059336  03 

Q 

RESONATOR 

4.66594  01 

L.NH 

INDUCTANCE  (nH) , 

2.858  03 

Q 

AND  0  AT 

70NHZ 

ACTUAL  FILTER  7.1631853  01  FNHZ 
RESONANT  FREQUENCY  9.4235946  02  Q 
UNLOADED  Q 


TABLE  5-8.  FILTER  ANALVSZS  AT  87  NHz 


BRANCH 

HUHBER 

DIODE 

STATE 

BRANCH 

ANALYSIS 

FREgUENCY  ERROR  ANALYSIS 

0.  00 

RS 

Slnqla  Resonator, 

7.5-02 

Lt  NH 

Desired  Fo  >  87,000  NHz 

1,-01 

C,PF 

3.5  03 

Q 

1.  N 

1 

ON 

l.-Ol 

RP 

SO.  01 

0.  00 

CPPF 

87.568593  FC 

8.7  01 

PMHZ 

87. 

1.0000022-01 

C,PF 

-1.527790969  DB 

3.4342864  03 

0 

-1.53  dB  Loss  Per  Resonator 

1.8-01 

C,  PF 

Due  to  Frequency  Error 

2 

ON 

3.5  03 

0 

(Correctable) 

l.-Ol 

RP 

0.  00 

CPPF 

1.8000073-01 

C,PF 

LOSS  ANALYSIS  BASED  ON 

3.3834656 

03  0 

RATIO 

UNLOADED  TO  LOADED  Q, 

3.75  01 

C,PF 

QU  -  1066  >  21.  32 

3.5  03 

Q 

OL  To 

3 

ON 

l.-Ol 

RP 

0.  00 

CPPF 

dB  -  20  Log  QU/QL  +  Tuning 

3.7500315-01 

C,PF 

OU/OL-1 

3.2656713  03 

0 

dB  =  20  Log  21.32  +  1.53 

7.5-01 

C,PF 

21.32 

3.5  03 

Q 

l.-Ol 

RP 

dB  =  .417  +  1.53 

4 

ON 

0.  00 

CPPF 

7. 5001261-01 

C,PP 

=  1.94  dB  Per  Filter 

3.0607476  03 

Q 

1.5  00 

C,PF 

Comment:  The  1.53  dB  Tuning 

3.5  03 

0 

Loss  is  Correctable. 

1.  06 

RP 

5 

OFF 

2.  00 

CPPF 

a. 5734326-01 

C,PF 

1.8017685  03 

0 

3.  00 

C.PF 

3.5  03 

0 

6 

OFF 

2.  06 

RP 

1.  00 

CPPF 

7.5057545-01 

C,PF 

1.3216136  03 

0 

6.  00 

C,PP 

3.5  03 

0 

7 

OFF 

2.  06 

RP 

1.  00 

CPPF 

8.5789455-01 

C,PP 

1.2136122  03 

0 

1.2  01 

C,PP 

3.5  03 

Q 

B 

OFF 

2.  06 

RP 

1.  00 

CPPF 

9.2394877-01 

C,PP 

1. 1554934  03 

0 

TOTAL 

CAPACITY 

PF 

4.  7947785  00 

C,PF 

BUS  Q 

1.602288  03 

0 

RESONATOR  INDUCTANCE 

6.8893  02 

L,NH 

(nHY),  and  Q  at  67  NHz  3.186  03 

0 

Actual  Filter  Reso- 

nant  Frequency,  and 

8.7568593  01 

FHHZ 

Unloaded 

Q 

1.06612  03 

Q 

»143 
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5.9.4  Results  And  Conclusions 

.  The  band  splitting  technique,  and  the  circuit  modeling 

described  above  result  in  a  workable  resonator  as  far  as  the 
Q  is  concerned.  Only  three  frequencies  were  analyzed,  but 
in  general,  the  Q  can  be  expected  to  vary  from  800  to  1000, 
resulting  in  acceptable  insertion  losses 

.  An  accuracy  problem  exists,  and  is  apparent  in  Table  5-7, 
where  the  filter  is  detuned  by  163  KHz,  and  the  insertion 
loss  is  -8.4  dB.  This  is  correctable  by  adding  additional 
sections  to  the  bus.  These  extra  sections  will  have  small 
capacitors,  to  enable  better  resolution,  and  will  not 
significantly  lower  the  Q,  because  the  values  of  capacity 
are  small.  Accuracy  will  probably  emerge  as  the  main 
implementation  problem  of  the  FHMUX 

.  The  development  of  a  PIN  Diode  with  the  low  "on"  and  high 

"off  impedances  may  or  may  not  be  compatible  with  the  FHMUX 
distortion  requirement.  Some  PIN  Diode  distortion  reduction 
techniques  are: 

.  The  PIN  Diode  should  have  a  wide  I  region,  and  a  long 
carrier  lifetime 

.  The  diode  should  be  forward  biased  to  as  high  a 

current,  and  reverse  biased  at  the  highest  voltage  as 
possible. 

Distortion  produced  in  the  PIN  Diode  circuit  can  be  reduced 
further  by  adding  another  PIN  Diode  in  series  with  the  first.  This 
increases  the  effective  I  region  of  the  diode.  In  addition,  the 
diodes  are  connected  in  a  back  to  back  orientation  which  causes  an 
additional  decrease  in  distortion  due  to  cancellation  of  the 
distortion  currents.  An  updated  PIN  Diode  specification  is  shown  in 
Table  5-9. 

.  A  funded  PIN  Diode  program  will  probably  be  needed, 

preferably  during  development  of  the  Advanced  Engineering 
Model . 


TABLE  5-9.  PIN  DIODE  SPECIFICATION 


.  Frequency 

30-88  MHz 

.  Input  RF  Power 

100  Watts,  C.W.* 

.  Temperature 

-55  to  +85  (Est.) 

.  IMD  Products 

-120  dBc  Max. 

.  Harmonic  Distortion 

-120  dBc  Max. 

.  Size 

N/A 

.  Forward  Current 

200  ma 

.  Reverse  Voltage 

100 

.  Parallel  Resistance 

1  M 

.  Power  Dissipation 

TBD 

.  Series  Resistance 

0.1  ohms  Max. 

.  Diode  Capacitance 

2  pf 

.  Effective  Minority  Carrier  Lifetime 

TDB 

.  Switching  Speed 

10-20  Microseconds 

.  "Hot"  Switching  is  not  Required. 

*  .16  Duty  Cycle  for  High  Power  RF,  Foward  Bias  May  Have  1.0  Duty 

Cycle. 
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5.10  PACKAGING  CONCEPT 
5.10.1  Mechanical  Concept 

The  use  of  quad-coupled  filters,  and  the  combining  scheme 
described,  makes  possible  a  true-building  block  approach  for  the 
FHMUX. 

Each  building  block  bandpass  filter  (BPF)  is  composed  of  two 
quadrature  couplers,  two  identical  tuneable  resonators,  terminating 
resistors,  and  a  set  of  PROMS  and  PIN  Diode  drivers.  The  system  is 
easily  expandable  to  almost  any  desired  number  of  channels. 

Complicated  matching  networks  are  not  required  to  combine  channels, 
and  all  Rf  impedances  are  50  ohms. 

The  tuning  of  each  BPF  is  accomplished  by  a  shunt  capacitive  bus, 
where  the  various  capacitive  values  are  weighted  in  a  binary  manner. 
Each  capacitive  element  will  be  switched  in  or  out  of  the  bus  with  a 
PIN  Diode.  The  high  degree  of  capacitive  resolution  required,  and 
tolerance  variations  of  all  of  the  components  require  some  means  of 
calibration.  Also,  it  is  necessary  that  each  BPF  present  identical 
impedances  to  the  quadrature  couplers.  This  difficulty  is  overcome  by 
individually  programming  the  capacitive  bus  of  each  BPF  with  a  PROM. 
Thus  each  BPF  will  have  its  component  variations  calibrated  out  at 
each  frequency,  and  thus  present  an  identical  impedance  to  the  quad 
coupler . 

A  preliminary  sketch  of  the  quad  coupled  BPF  assembly  is  shown  in 
Figure  5-21.  The  quad  couplers  are  presently  available  from  Merrimac, 
namely  the  QHF-3-.060G,  which  is  5  *  X  5  "  X  .215"  in  size. 

An  estimated  volumetric  breakdown  of  the  BPF  is  given. 


Cu.  in.  each 

Extension 

Resonators  (2) 

360 

720 

Coupler  Assy's  (2) 

144 

2&8 

Prom  Assy  (2) 

72 

144 

Cap.  Buss  (2) 

72 

144 

1296  in^ 

HELICAL 

RESONATOR 


(TYPICAL) 


TOP  VIEW, 
SECTION 


SHUNT  CAPACITIVE 
BUS 

ASSEMBLIES 
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Figure  5-21.  Preliminary  Mechanical  Concept 


The  volume  required  for  one  quad-coupled  BPP  is  1296  cubic 
inches,  or,  0.75  cubic  feet. 

A  five-channel  FHMUX,  with  band  splitting  will  require  30  BPP 
assemblies,  and  use  22.5  cubic  feet. 

Also  required  are: 

Microprocessor  Assy's  1  cubic  foot,  est. 

Power  Supply  Ass'y  2  cubic  feet,  est. 

Thus  a  first  cut  size  estimate  for  a  five  channel  FHMUX  is  about  26 
cubic  feet,  or  a  box  about  3  ft  X  3  ft  X  3  ft. 

5.10.2  Power  Consumption 

The  PIN  Diodes  will  require  a  large  amount  of  dc  power.  The 
preliminary  PIN  Diode  spec  called  for  an  Rs  of  0.1  ohms  at  about  200 
ma.  It  may  be  necessary  to  raise  the  current  even  higher  to  obtain 
this  low  Rs.  However,  an  Rs  of  0.1  ohms  is  not  really  needed  for  all 
elements  of  the  bus.  The  smaller  value  elements  can  tolerate  a  higher 
Rs  and  still  maintain  a  respectable  Q. 

An  estimated  current  budget  for  an  individual  bus  is  given  in 
Table  5-10.  These  currents  will  probably  be  derived  from  a  high 
efficiency  switching  regulator  which  delivers  a  nominal  5.0  volts  for 
the  logic  and  the  PIN  Diode  switch  drivers. 

-T 

I 

1 
I 
I 
1 
I 


TABLE  5-10.  POWER  CONSUMPTION 


Capacitive 

Element 

(pF) 

Tolerable 

RS  at 

88  MHz 

Estimated 
Forward  Current 
(ma) 

0.1 

2.5 

5 

0.18 

1.5 

10 

0.375 

1.0 

20 

0.75 

.50 

50 

1.5 

.25 

100 

3 

.1 

400 

6 

.1 

400 

12 

.1 

700 

1685 

It  is  unlikely  that  at  any  given  time,  all  diodes  in  a  bus  are  "on.” 

An  estimated  average  value  might  be  800  ma.  Thus  each  quad  coupled 
filter  assembly  would  draw  an  estimated  1600  ma  of  current  from  a  5 
volt  regulator. 

A  five  channel  FHNUX  with  band  switched  resonators  will  have  30 
BPF  assemblies.  However,  only  20  of  these  have  to  be  powered  up  at 
any  one  time.  Thus,  the  average  5  volt  current  needed  is: 

lavg  »  20  X  1.6 

»  32  amperes 

It  is  estimated  that  the  logic  assembly  will  require  about  4 
amperes.  If  the  5  volt  switching  regulator  is  75%  efficient,  then  the 
required  dc  input  power  is: 

P  dc  -  (32  4)  X  5 

75 

«  240  watts,  average 

A  high  voltage  bias  supply  is  also  required,  but  current  drain 
will  be  minimized.  This  supply  is  estimated  to  be  500  volts  dc,  at  a 
current  of  about  0.50  amperes,  and  is  operating  at  65%  efficiency. 

The  dc  input  power  for  this  supply  is: 

P  -  500  X  .05 
.65 

-  38.5  watts  average 

Thus  the  average  power  drain  of  the  FHMUX  is  about  280  watts  of 
dc  power. 
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SECTION  6 


CONCLUSIONS  AND  RECOMMENDATIONS 

6 . 1  COMMENT 

.  The  systems  study  has  shown  that  an  acceptable  BER  is 

obtained  with  a  +/-5%  guard  band,  for  a  five  channel  FHMUX 

.  This  guard  band  is  compatible  with  a  +/-5%,  -40  dB  RF 

bandwidth,  in  regard  to  user  transceiver  adjacent  channel 
selectivity  and  transmitter  noise  floor 

.  Band  splitting  is  necessary  to  achieve  the  RF  selectivity 

described  above.  The  PIN  Diodes  are  the  limiting  component 

.  The  conclusion  of  this  design  assessment  is  that  the  FHMUX 

is  feasible,  and  that  hardware  development  is  a  logical  next 
step 

.  A  PIN  development  effort  is  a  desirable  addition  to  an 
advanced  engineering  model  program. 

6.2  FINAL  CONFIGURATION 

The  need  to  split  the  operating  bandwidth  of  each  channel  has 
increased  the  complexity  of  the  FHMUX.  Each  of  the  five  transceiver 
channels  now  has  two  sub-channels;  30  to  49.975  and  50  to  87.975  MHz. 
At  any  one  time  however,  only  one  of  the  sub-channels  of  a  given 
channel  is  in  use.  The  means  of  efficiently  combining  the  ten 
sub-channels  to  a  single  antenna  was  investigated. 

A  fundamental  difference  exists  between  multiplexing  and  power 
combining.  Efficient  power  combining  requires  nearly  identical  phase 
and  amplitude  relationships  between  the  signals  being  combined. 
Differences  between  the  signals  are  dissipated  in  the  power  combiner 
load  resistor.  This  is  true  of  all  types  of  combiners. 

Multiplexing  usually  involves  the  combining  of  signals  having 
different  frequency  and  power  characteristics.  None  of  the  ten 
sub-channels  will  ever  have  the  necessary  phase  and  voltage  similarity 
to  use  power  combining  techniques  in  an  efficient  manner.  The  use  of 


Wt0t 
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frequency  selective  devices  is  still  the  most  efficient  way  to 
structure  the  FHMUX. 

The  full  band  FHMUX  is  shown  in  Figure  6-1.  This  is  the  final 
circuit  configuration,  and  allows  each  transceiver  to  hop  the  full 
30-88  MHz  band. 

.  Each  transceiver  is  connected  to  a  PIN  Diode  SPOT  band 

switch,  which  routes  the  RF  signal  to  the  correct  high  or 
low  band  sub  channel.  This  switch  will  add  approximately 
0.25  dB  to  the  insertion  loss.  Thus,  the  sub  channel 
insertion  loss  will  be  about  2.3  to  2.7  dB 

.  The  quad-coupled  combining  technique  has  been  extended  to 

easily  accomodate  the  five  extra  sub  channels.  However,  the 
combining  losses  of  the  sub  channels  farthest  from  the 
antenna  are  now  higher.  For  example,  the  combining  loss  of 
the  Channel  E  low  band  path  will  be: 

dB  =  (.18  +  .1  )  (n-1) 

=  (.28  )  X  9 
dB  «  2.52 

This  is  in  addition  to  the  actual  channel  insertion  loss  of  2.3 
to  2.7  dB,  or  4.8  to  5.2  dB. 

.  This  configuration  will  satisfy  the  original  goals  of  the 
specification  except  for  the  insertion  loss  requirement. 
About  two  thirds  of  the  channels  will  have  a  higher  than 
specified  insertion  loss 

.  About  27  cubic  feet  are  required,  and  power  consumption  will 
be  about  250  to  300  watts. 

6.3  ALTERNATE  CONFIGURATION 

The  building  block  approach  described  earlier,  and  shown  in 
Figure  6-1  is  extremely  flexible  and  hence  easily  adaptable  to 
alternate  configurations.  The  need  to  split  the  frequency  band 
increases  the  complexity  of  the  FHMUX  by  a  factor  of  two,  and  results 


116 


NEXT  FREQ  WORD^S 


D  C.  PWR 


LOAD-;^ 


T/R 

LOAC 

WORI 

-WV- 

TRANSCEIVER 

A  (50-88) 

RF 

IN /OUT 

T/R 

LOAD 

WORD 

TRANSCEIVER 

B  (50-88) 

RF 

lU/AI  IT 

IN/WU  1 

T/R 

LOAD 

WORD 

< 

TRANSCEIVER 

C  (50-88) 

RF 

IN/OUT 

T/R 

LOAD 

WORD 

( 

AAAr- 

TRANSCEIVER 

D  (30-49) 

RF 

IN/OUT 

T/R 

LOAD 

WORD 

-VWr- 

— 

TRANSCEIVER 

E  (30-49) 

RF^ 

IN/OUT 

NOTE; 

CHANNEL  A  HIGH  (50-88) 


=  ELECTRONICALLY 
^  TUNEABLE 

BANDPASS  FILTER, 

WITH  PROM  &  PIN  DIODE 
DRIVERS. 


ANTENNA 


V 


n 
PIN 
DIODE 
CONTROL 


716642 


Figure  6-2 


Five  Channel  FHMUX  Alternate  Configuration 


in  combining  losses  which  may  be  unacceptable.  A  simplified 
configuration  is  shown  in  Figure  6-2.  This  version  is  predicated  on 
reducing  the  hopping  bandwidth  of  each  transceiver  to  either  30-50,  or 
50-88  MHz.  Figure  6-2  shows  three  highband  channels,  but  many 
combinations  exist.  The  FHMUX  decision  and  control  function  can  be 
programmed  to  accept  either  band  of  frequencies  for  any  channel. 

Insertion  loss  and  combining  losses  would  be  lower  with  this 
configuration.  The  size  would  be  about  30”  X  30”  X  30”,  and  power 
consumption  less  than  200  watts. 
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APPENDIX  E 


RESONATOR  STUDY 


E.l  INTRODUCTION 

The  Frequency-Hopping  Multiplexer  (FHMUX)  requires  electron- 
ically-tunable  High  Q  Resonators  for  its  filters.  These  Resonators 
must  meet  the  following  requirements: 


Tuning  Range:  30-88  MHz  in  25  KHz  steps 
Insertion  Loss  at  Resonance:  >^0.5  dB 
Rejection  at  +  4%  of  Center  Frequency:  13.3  dB 


To  accomplish  this,  some  form  of  electronically-tunable, 
distributed-element  resonator  must  be  used,  since  lumped  L-C  circuits 
cannot  provide  high  enough  Q. 


The  following  equations  give  the  relationships  between  insertion 
loss  or  rejection  (insertion  loss  off-resonance),  and  Qu  (unloaded  Q) , 
(loaded  Q) ,  and  Qg  (external  Q): 


I.L.  *  Insertion  Loss 


I.L.  at  Resonance 

or 

I.L.  at  any  Frequency  =  ; 


Where: 


C  * 


w 

w 


Q  ®  Doubly-Loaded 
®  External  Q 


I.L.  At  Resonance  =  20  Log 


dB 


I.L.  at  any  Frequency  =  10  Log  dB 

Qu  ' 

W  ^o 

Where:  ?  =  w"  "  w~ 

o 


Zo 


RESONANT 

CIRCUIT 


I 


Zo 


Figure  E-2.  Parallel  Resonant  Bandpass  Filter 

From  the  preceeding  equations,  both  Q„  and  QL  or  Qg  must  be  high 
to  provide  both  low  I.L.  at  resonance  and  nigh-rejection 
off- resonance. 

Three  types  of  resonators  were  investigated  for  the  FHMUX 
application:  the  Flauto-C  Resonator,  the  Helical  Resonator,  and  the 

Shortened-Line  Coaxial  Resonator.  The  Flauto-C  Resonator  is  a 
half-wave  coaxial  resonator  which  employs  shunt  capacitors  placed  at 
certain  points  along  its  transmission  line.  These  capacitors  act  to 
increase  the  line's  electrical  half-wave  length  and  decrease  the 
resonant  frequency.  On  the  other  hand,  the  Helical  Resonator  is  a 
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coiled  quarter-wave- length  coaxial  resonator,  and  it  can  be  tuned  with 
a  variable  shunt  capacitor  at  its  open-circuited  end.  Finally,  the 
Shortened-Line  Resonator  is  a  half-wave  length  coaxial  resonator  that 
uses  PIN  Diodes  to  change  the  electrical  length  of  the  transmission 
line.  When  a  PIN  Diode  (placed  between  two  points  along  the 
transmission  line)  is  turned  on,  it  supposedly  shorts-out  a  section  of 
the  transmission  line,  thereby  decreasing  the  line's  electrical  length 
and  increasing  the  resonant  frequency. 

E.2  FLAUTO-C  RESONATOR  MODEL 

The  Flauto-C  was  modeled  as  shown  below,  so  that  analysis  and 
optimization  could  be  performed  using  the  "COMPACT"  microwave 
computer-aided  design  program. 


X/4  @  fH  \/4  @  fH 


Figure  E-3.  Flauto-C  Resonator  Model 

The  ideal  transformers  in  the  model  represent  the  input  and 
output  coupling  that  is  usually  provided  by  loops  inside  a  cavity  that 
contains  the  transmission  line.  Moreover,  the  transformers  provide 
approximate  short  circuits  at  both  ends  of  the  transmission  lines, 
thereby  making  the  line  a  half-wavelength  resonator.  Also,  the 
transformer  impedance  ratios  help  determine  the  (external  Q)  and 
(loaded  Q);  and  therefore  help  define  the  resonator's  rejection  and 
in-band  insertion  loss. 
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The  tuning  capacitor  at  the  center,  C,  can  be  switched  in  or  out 

by  the  PIN  Diode,  which  is  represented  by  R  when  "on",  and  R  and  C 

s  P  P 

when  "off".  This  capacitor  has  the  greatest  tuning  effect  when  placed 
at  the  center  of  the  line  where  the  voltage  standing  wave  is  the 
greatest.  However,  the  placement  of  this  capacitor  (and  additional 
tuning  capacitors)  at  other  points  along  the  line  is  sometimes  used. 

The  equations  for  the  resonant  frequencies  shown  below  were 
defived  for  a  single-capacitor  Flauto; 


Z  o 

Diode  "on":  0  =  y  Tan 

Diode  "off":  0=1^  Tan - — - x - 5 - » - 

(Rp^  C2  +  1) 

The  preceeding  equations  are  transcendental,  and  therefore  an 
equation  for  cannot  be  shown  in  closed  form.  Consequently,  C  and 
f„  (the  frequency  for  which  each  transmission  line  section  equals  90°) 

n 

were  chosen  through  the  use  of  "COMPACT"  computer  analysis  and 
optimization. 

The  elements  respesenting  the  PIN  Diode  (C^  and  R^  or  Rp)  were 
either  chosen  to  give  the  desired  resonator  performance  specifications 
(insertion  loss  and  rejection)  or  they  were  taken  from  available  PIN 
Diode  specifications.  However,  C^  (the  diode  "off"  capacitance)  was 
fixed  at  IPF,  which  is  a  typical  value  for  high-quality, 
high-frequency  PIN  Diodes. 

E.3  HELICAL  RESONATOR  MODEL 

The  Helical  Resonator  was  modeled  as  shown  below: 


1 

woC 
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Figure  E-4.  Helical  Resonator  Model 


This  circuit  represents  a  quarter-wave  coaxial  resonator  with  an 
approximate  short  circuit  on  the  left  end  an,d  an  approximate 
open-circuit  on  the  right  end.  The  coupling  used  here  has  two 
separate  ports  (two  ports  were  necessary  for  "COMPACT"  computer 
modeling) ,  whereas  Helical  Resonators  are  sometimes  used  as 
single-port  devices.  Also,  most  of  the  reasoning  for  this  model  is 
the  same  as  for  the  Flauto-C  Resonator  Model.  A  Flauto-C  Resonator 
can  be  looked  at  as  two  identical  Helical  Resonators  connected  back  to 
back . 


E.4  SHORTENED-LINE  RESONATOR  MODEL 

The  Shortened-Line  Resonator  was  modeled  on  "COMPACT"  as  shown 


In  addition,  an  odd-even  mode  analysis  was  performed  on  the  diode 
and  the  shorted  section  of  transmission  line.  These  results  are  shown 
below: 


Where : 

=  Electrical 

Length  of 

Shorted  Section 
of  Transmission 

Line 


^12  ■  ®21 


i  i 

2G  -  j  (cot  2  +  Tan  2) 


[  ±  il 

2(G  +  1)  +  j[(Tan  2)  (2G  +  l)-Cot  2j 


^11  “  ®22 


£ 

-i2G  Tan  2 
- 


r  i  _  il 

2  (G  +  l)  +  j  [(Tan  2)  (2G  +  1)  -  cot  2J 
Figure  E-6.  Odd-Even  Mode  Model  For  Shortened  Line  Resonator 


There  are  two  problems  with  the  Shortened-Line  Resonator.  As  can 
be  seen  from  the  Shortened-Line  analysis  (which  was  confirmed  by 
"COMPACT"  analysis) ,  the  section  of  transmission  line  is  not  simply 
shorted-out  by  the  PIN  Diode.  Therefore,  the  resonator  electrical 
length  is  not  as  short  as  originally  expected.  Also,  the  total 
resonator  length  would  be  longer  than  the  Flauto-C,  since  the  length 
is  chosen  for  the  lowest  (not  the  highest)  frequency  of  interest. 
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E.5  FLAUTO-C  RESULTS 

Several  "COMPACT"  computer  runs  were  made  using  the  Flauto-C 
model.  Some  of  these  results  appear  at  the  end  of  this  appendix,  and 
most  of  thse  figures  show  the  diagram  of  the  model,  the  program  and 
the  results. 

Figures  S-7  and  E-8  show  a  Flauto-C  Resonator  that  is  tuned  to  59 
MHz  with  the  diode  "on"  and  88  MHz  with  the  diode  "off".  The  diode 
"on"  and  "off"  resistances  were  selected  to  give  0.5  dB  of  insertion 
loss  at  resonance  and  about  13-14  dB  of  rejection  at  +  4%  off 
resonance.  For  example,  shown  at  the  bottom  of  Figure  E-7,  are  the 
S22  values  in  dB  (insertion  losses)  for  the  corresponding  frequencies. 

The  Rg  shown  in  Figure  E-7  that  is  required  to  meet  the  insertion 
loss  and  rejection  specifications  with  the  diode  "on"  is  0.074  ohms. 
This  Rg  value  is  not  presently  obtainable  with  the  PIN  Diodes  on  the 
market.  Therefore,  "COMPACT"  runs  were  also  made  with  Unitrode  UM6200 
(a  low-Rg  PIN  Diode)  specifications.  The  Specifications  were  taken 
for  heavily  biased  conditions:  "on"  at  about  0.5  amp.  (Rg  =  0.15 
ohms) ,  and  "off"  at  about  200  volts  (Rp  =  500K  ohm) . 

Figures  E-9  and  E-10  show  the  runs  with  the  UM6200  diode.  Only 
the  insertion  loss  in  the  "on"  state  (resonant  at  59  MHz)  failed  to 
meet  the  insertion  loss  specification;  this  specification  was  missed 
by  about  0.5  dB.  However,  these  runs  (Figures  E-7,  E-8,  E-9,  and  E-10 
were  made  for  single-diode,  single-tuning-capaci tor  resonators  with 
only  two  resonance  points. 

It  was  also  determined  if  the  Flauto-C  could  be  tuned  over  the 
30-88  MHz  frequency  range.  Figures  E-11  and  E-12  show  that  with  a 
large  value  of  switched  shunt  capacitance,  the  resonator  frequency  can 
be  varied  from  30-88  MHz. 

Another  problem  considered  was  tuning  the  Flauto  in  25  KHz 
increments.  For  Example,  tuning  using  a  Binary  Tuning  Signal  was 
accomplished  by  Arthur  Karp  at  the  Stanford  Research  Institute. 

However  the  percentage  bandwidth  was  small  (12%)  when  compared  with 
the  30-88  MHz  (98%)  frequency  range  required  for  this  study. 
Consequently,  Karp's  Filter  was  loaded  with  small  capacitance  values. 
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E-7.  Schematic  and  Computer  Printout,  Flauto-C  Resonator 
Tuned  at  59  MHz 
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Figure  E-8.  Schematic  and  Computer  Printout,  Plauto-C  Resonator 
Tuned  to  88  MHz 
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0.20<  103)  (0.201<  103)  (0.97< _ ^12)^1.3.92 

0.0S<  93)  (O.OSK  93)  (1.00<  3)  .-2S.91 


n 

j 


E-9.  Schematic  and  Computer  Printout,  Flauto-C  Resonator 
Tuned  to  59  MHz 
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L  FLTOR.DATA 
FLTOR.DATA 

J)0010  TRF  AA.IH.50  -.63_. _ _ _ _ 

00020  TRL  BB  SE  90  90  88.75A  I 

00030  CAS  AA  BB 

J00040.PRC  CC.PA  900000.1 _ J 

00090  CAP  DD  PA  02.738 
00000  SCR  CC  00 

.00070  CAS.  AA.CC _ _____ 

00080  TRL  EE  SE  90  90  88.790 
00090  CAS  AA  EE 

.00100. TRF.. FF.IM  -♦03_90 _ ^ _ _ 

00110  CAS  AA  FF 
00120  PRI  AA  SI  90 

00130  END  _  , 

00140  80  84.48  88  91.92  99 
00190  END 

00100  .001  .  _ _ _ _ 

00170  0  0  10  -13.3 
00180  END 


READY _ _ 

CONPACT  FLTOR 

COMPACT  NICROHAVE  ANALYSIS  PROGRAM  (VERSION  2.3)  0/12/70 


ANAL(l)>SENS<2>fOPT(3>>SUEEP<4)rMAP(S> 

WRITE  lr2»3>4F9_0R  13(lt3>: _ _ _  _ _ _ _ 

T  I 

».  I 

.  .  .  POLAR  8-PARAHETERS..IN  _50.0  OHM  8Y8TEN _  J 

F  811  821  812  822  821 

MHZ  (HAON<ANQL>  (  HA0N<AN8L)  (  MABN<ANOL>  .(.HAeN<ANOL]| _ OB  . 

I 

80.0  (1.00<  -4)  (  0.09<  -94)  (0.0B9<  -94)  (1.00<  -4)  -20.98 

...  84.9  <0.98<  rll)  <  .0,20<-101)  .(O.l97<rl01)..(0jl8<^»ll_=14.09l 
88.0  (O.OK  48)  (  1.00<  179)  (0.990<  179)  (O.OK  48)  -0.03 

91.9  <0.98<  11)  (  0.20<  101)  (0.197<  101)  (0.98<  11)  -14.12; 

99.0  (  0.99<  9)  (  0.10<_  992..(0.101< _ I9l_(0.?.9.< _ 


Figure  E-10.  Schematic  and  Computer  Printout,  Flauto-C  Resonator 
Tuned  to  88  MHz 
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Figure 


00010  TRF  AA  IH  SO  .A3 

AOOZO.TRL  BB.SE.S0.90  88.7SA _ 

00030  CAS  AA  BB 
00040  RRC  CC  PA  -.IS  1 

.00050. GAP  BD-PA  3A1.189 _ _ 

OOOAO  SER  CC  DD 
00070  CAS  AA  CC 

.00080  .TRL  EE-SE  S0..90' .88 . 75A _ _ 

00090  CAS  AA  EE 
00100  TRF  FF  IH  .A3  SO 

.00110.  CAS  AA.FF. _ 

00120  PRI  AA  SI  SO 
00130  EHO 

00140  28  28.8  30..31.2  32 _ 

OOlSO  EHD 
001 AO  .001 

00170  0  0  10  .-.5  _ _ _  _ _ 

00180  END 
READY 

COMPACT  .FUTOR . . . . . . 

COMPACT  MICROWAVE  ANALYSIS  PROGRAM  (VERSION  2.3)  A/12/7A 


ANAL(l)f8EN8(2>f0PT<3)>8WEEP(4>rHAP(S> 
WRITE  lr2f3f4fS  OR  13(lt3>t 

T  _ _  _ _ 

1 


POLAR  8-PARAHETER8  IN  SO.O  OHM  SYSTEM 


F  811  '  821*'  812  822*  821 

MHZ  <HAON<ANOL)  (  NAON<ANOL>  (  HABN<ANOL>  <HAeN<AN8L)  OB 


28.0  (0 
28.8  <0 
.  30.0  (0 
31.2  (0 
32.0  <0 


97< 

-9) 

< 

92< 

-IS) 

( 

2A< 

...1) 

( 

92< 

18) 

< 

97< 

12) 

< 

0.21<-102)  (0.26a<-102>  T6.'97<  -f>  -iV.7i: 

0.31<-111>  (0.313<-111>  (0.92<  -15>  -10.08 

0.74<-177>  J:0.739<t177)  i0.2A< _ 1>__=2.A3 

0.28<  IIS)  (0.284<  11S>  (0.92<  18)  -10.93 

0.t7<  lOA)  (0.174<  tOA)  (0.97<  12)  -1S.18 


B-11.  Schematic  and  Computer  Printout,  Plauto-C  Resonator 
Tuned  to  30  MHz 
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L  FLTOR.DATA 


IH  SO  .A3 

00020  TRL  BB  BE  SO  90  88.75A _ _ _ 

00030  CAS  AA  BB 

00040  PRC  CC  PA  -SOOOOO  1 

-OOOSO  CAP  DO  PA  301.189 - 

I  00000  SER  CC  OD  | 

00070  CAS  AA  CC 

_0OO8O.TRL  EE.SE^O.  90^8.7SO _ _ _ _  .  . . . — - i 

00090  CAS  AA  EE  ■  .  '  *'  1 

00100  TRF  FF  IH  .03  SO  ( 

-OOllO.CAS  HA.FF. _ : - 

00120  PRI  AA  81  SO 

00130  END  ; 

00140  80  84.48  .88_91.S2_9S _ _ _ _  ,  . 

OOlSO  END 

00100  .001 

_j00170  0  6  10  -.S _ _ _ 

00180  END 
READY 

COHPACT  FUTOR  _  .  _ _ _ 

COHPACT  HICROWAVE  ANALYSIS  PR06RAN  (VERSION  2.3>  0/12/70  j 


ANAL(l)>8ENS<2)fOPT<3)>SMEEP(4)rHAP(S> 

WRITE  lr2f3t4fS  OR  13(113)1 

T  _  _  „  _  _  _ _ 

i 

POLAR  S-PARAHETER8  IN  SO.O  OHH  SY8TEN 


F  811  '  821  '“812  ‘  '822'  *  821 


HHZ 

(NAON<ANOL> 

( 

NA0N<AN8L) 

(  HA0N<AN0L) 

(NA0N<ANeL)  OB 

80.0 

( 1  .bo< 

-4) 

( 

0.09<  -94) 

“(0.'089<  -94)  (l,b6< 

-4)  -20797 

84. S 

(0.98< 

-11) 

( 

0.20<-101> 

(0.198<-101) 

(0.98< 

-11)  -14.07 

88.0 

(0.02< 

70) 

( 

1.00<  178) 

_(0.990<  178). 

_(0.02<._20)_  .r0.04 

91. S 

(0.98< 

11) 

( 

0.20<  101) 

(0.190<  101) 

(0.98< 

11)  -14.14 

9S.0 

(0.99< 

S) 

( 

0.10<  93) 

(O.lOK  9S) 

(0.99< 

S)  -19.91 

Figure  E-12.  Schematic  and  Computer  Printout,  Flauto-C  Resonator 
Tuned  to  88  MHz.  (30  MHz  with  Diode  "ON") 
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and  therefore  he  was  able  to  maintain  a  similar  half-wave  standing 
wave  pattern  along  the  resonator  throughout  the  tuning  range.  Thus, 
his  assumptions  on  the  effect  of  each  tuning  capacitance  followed  a 
simple  formula.  Also  if  the  tuning  capacitors  have  small  values, 
front  to  back  symmetry  of  the  resonator  need  not  be  maintained,  but 
with  larger  values  (such  as  those  in  Figures  B-13  and  C-14),  this 
symmetry  must  be  maintained  in  order  to  provide  for  low  insertion  loss 
at  resonance. 

A  standard  half-wave  coaxial  resonator  has  a  second  passband  that 
appears  at  the  second  harmonic;  this  problem  was  investigated  for  the 
Plauto  Filter.  Figure  E-15  shows  that  with  the  resonator  tuned  to  44 
MHz,  no  second  passband  appears.  This  is  due  to  the  large  value  of 
tuning  capacitance  (146.603  pF)  that  is  used. 

E.6  HELICAL  RESONATOR  RESULTS 

"COMPACT"  runs  were  made  for  a  Helical  Resonator  (with  +  2%, 

13.3  dB  bandwidth).  Two  of  these  runs  are  shown  in  Figures  E-16  and 
E-17.  As  can  be  seen  from  Figure  E-16,  a  low  R_  is  also  required  for 
this  resonator.  However,  the  Helical  Resonator  is  about  half  the  size 
of  the  Flauto-C,  and  seems  to  present  no  apparent  disadvantages  for 
the  frequency  range  considered  (30-88  MHz) ,  when  compared  to  the 
Flauto-C.  Also  the  Helical  Resonator  would  have  to  be  tuned  with  a 
capacitance  bus  as  would  the  Flauto-C  for  this  large  frequency  range 
required. 

E.7  CONCLUSIONS 

It  appears  that  the  Helical  Resonator  with  the  capacitance  bus  is 
the  best  method  available  to  attempt  to  meet  the  resonator 
requirements.  On  the  other  hand,  no  PIN  Diodes  for  the  capacitance 
bus  are  available  to  meet  the  R^  (on  resistance)  necessary  for  low 
insertion  loss  at  resonance  and  high-rejection  of f- resonance. 
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L  PLTO.OATA 
PLTO.DATA 
00010  TRP  AA 
00020  TRL  BB 

Meets  insertion  loss 

IM  50  -.43 

SE  50  45  88.754 

specification 

00030 

CAS 

AA 

BB 

•  .  -.V 

00040 

CAP 

CC 

PA  42.738 

00050 

PRC 

DD 

PA  -.075  1  _  _  _  _ 

00040 

SER 

CC 

DD 

00070 

CAS 

AA 

CC 

00080 

TRL 

EE 

SE  SO  90  88.754 

00090 

CAS 

AA 

EE 

00100 

CAP 

FF 

PA  42.738 

00110 

PRC 

OG 

PA  -.075  1 

00120 

SER 

FF 

GG 

00130 

CAS 

AA 

FF 

00140 

TRL 

HH 

SE  SO  45  88.754 

60150  CAS 

AA 

HH 

■  \ 

00140 

TRF 

II 

IM  -.43  50 

1 

00170 

CAS 

AA 

II 

00180 

PRI 

AA 

81  SO 

_ 

00190 

END 

1 

00195 

54.44  41.34 

00200 

59 

■ 

1 

00210 

END 

1 

00220 

.1 

00230 

0  0 

10 

-13.3 

00235 

0  0 

10 

-.5 

00240 

END 

.  1  -■ 

COHPACT  FLTO 

CONPACT  MICROWAVE  ^ALYSIS  .PROGRAM  O^ERSION  2,3)  ..A/I2/7A. 


ANAt(l)fSENS(2)fOPT(3),SUEEP(4>,HAP(5> _ _ 

WRITE  If2f3f4rS  OR  13(IS3>:  . 

T 

1  _  _ 

POLAR  S-PARAMEfERS  IN  50.0  OHM  oVsTEN 


F 

811 

821 

812 

822 

821 

MHZ 

(MAON<ANOL> 

< 

MA0N<AN6L) 

(  NAON<ANOL) 

(HAON<ANOL) 

DB 

54.4 

<0.97<  -12) 

< 

0.21<-102) 

<0.211<-102) 

(0.97<_-12)  -13.51 

41.4 

(0.97<  12) 

< 

0.22<  103) 

(0.214<  103) 

(0.97<  12) 

-13.30 

59.0 

(0.04<  0) 

( 

0.94<  179) 

(0.94S<  179) 

(0.04<  0) 

-0.50 

Figure  E-13.  Schematic  and  Computer  Printout,  Flauto-C  Resonator 
with  2  Tuning  Capacitors.  Tuned  to  59  MHz. 
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L  FLTOtOATA  Meets  insertion  loss  specification 

FLTO.DATA 

00010  TRF  AA  IM  SO  .43 

OOOZOJTRL  BBJSE  50  ^S_JB8.7SA _ _ 

00030  CAS  AA  BB' 

00040  CAP  CC  PA  42.738 

OOOSO  PRC  OD  fA  -46660  1  _  _ 

00040  SER"CC  DD  ~  . 

00070  CAS  AA  CC 

00080  TRL  EE  SE  SO  90  88.7S4 

00090  CAS  AA  EE  ' 

00100  CAP  FF  PA  42.738 

00110  PRC  GO  PA  •:44440.  1  _ _ _ 

'00120  SER  FF  6G 
00130  CAS  AA  FF 
00140  TRL  HH  SE  SO  4S  B8.7S4 
"00150  CAS  AA  HH 
00140  TRF  II  IM  .43  50 

00170  CAS  AA  II  _ _ _ _ 

00180  PRI  AA  SI  50 . .  '  '  '  “ 

00190  END 

00195  84.48  88  91.52  _  _  _ 

00210  END  .  "  '  -  " 

00220  .1 

00235  0  0  10  -.5 _  _  _ _ 

00240  END 
READY 

COMPACT  FLTO  •  _  _ 

COMPACT  MICROWAVE  ANALYSIS  PROIBRAH  (VERSlbN~2.3>  4/12/74 


I 

1 

j 


I 


■n 


ANAL  ( 1 )  p  SENS  <  2 )  f  OPT  ( 3 )  >'SUEEP <  4  )  F  HAP  ( 5  )  ' 

WRITE  lF2f3p4pS  OR  13(l>3>t 

T  _  _ _ 

1  "  ...  ...  -  .  -  -  -  . 

POLAR  8-PARAHETERS  IN  50.0  OHH  SYSTEM 

F  811  . 821"  "812  822  '  '  821 " 

MHZ  <NAON<ANOL)  <  HAON<ANOL)  <  HAON<ANOL>  (HAON<ANOL>  DB 

'•4.5  <6.99<  -7)  <  0.14<  -irei  <0.t3e<  -98)'  <oT»»<"^) '-17.21 ' 
•8.0  (0.04<  14)  (  0.94<  179)  10.944<  179)  f0.04<  14)  -0.50 
91.5  (0.99<  7)_<.0.14^  _y8»  .<0.137<_t8)_t0,ttS _ 7)  r-i7.24 


Figure  E-14.  Schematic  and  Computer  Printout,  Flauto-C  Resonator 
with  2  Tuning  Capacitors,  Tuned  to  88  MHz 


144 


FLTOR.DATA 

00010  TRF  AA  IN  SO  .43 
00020  TRL  BB  SE  50  90  88.7S4 

.00030  CAS  AA  BB - - 

OOOAO  PRC  CC  PA  .13  1  ^ 

00050  CAP  PD  PA  144.403  PF 

.00040  8ER  CC  DB _ _  .. 

00070  CAS  AA  CC 
00080  TRL  EE  SE  SO  90  88.754 


- *~T<-wftr . . 


00090  CAS  AA  EE  _ 

00100  TRF  FF  IN  .43  SO 
00110  CAS  AA  FF 
00120  PRI  AA.Sl  SO 
00130  END 
00140  40  94  2 

00150  END  i — 

00140  .001  — O— 

00170  10  0  0  c/yr 

00180  END  .  .  r  i 

READY  ! — 

COHPACT  FLTOR  ! 

CONPJCT  NICRO - 


I  I 

ANAL<l>f8ENS(, — r 
WRITE  1.2.3. - f 

T  I  , 


.  POLAR  S-PARAHETERS  "iN  TO.O' OMN  8Y8TEN  | 

F  Sll  _  821  _ 812 _ ^822. _ 821_i 

NHZ  <HAQN<ANGl1  (  NAQN<ANQL>  <  HA6'n<AN0L>  (NA6N<AN0L>  DB 

_ ^40.0  <0.99<  -5)_(  0.12<  -94)  <0. 119<  ;94>^().99<__-5>.jrl*tl*. 

42.6“<0.97<  -11)  <  b.22<-103)  (0.220<-103)  (0.97<  -11)  -13.15 

-jt4..0..(0,Jl^ _ OJL..<.J>. ■_<0t§D4<.Tt7»>..  (A. -ziUM. 


_  44.0 

<0.97< 

12) 

< 

0.20< 

104) 

(0.200< 

.104). 

<0.97<  12)  -13.98  ■ 

48.0 

<0.99< 

4) 

( 

0.10< 

98) 

<0.098< 

98) 

<0.99< 

4)  -20.17 

50.0 

<1.00< 

4) 

( 

0.04< 

94) 

(0.043< 

94) 

(1.00< 

4)  -24.02 

52.0 

<1.00< 

3) 

< 

0.05< 

94) 

<0.045< 

94>..(1.00< 

3)  ^24.84 

54.0 

<1.00< 

3) 

< 

b.04< 

94) 

(0.035< 

94) 

(1.00< 

3)  -29.08 

54.0 

<1.00< 

2) 

< 

0.03< 

93) 

<0.028< 

93) 

(1.00< 

2)  -30.95 

58.0 

(1.00< 

-.2) 

0.02< 

93) 

<0.024< 

. JE3.)_Jt.00< _ 2l.-32.54  , 

40.0 

<1.00< 

1) 

< 

0.02< 

92) 

<0.020< 

92) 

(1.00< 

1)  -33.94 

42.0 

<1.00< 

1) 

< 

0.02< 

92) 

<0.017< 

92) 

(1.00< 

1)  -35.20 

44.0 

(1.00< 

1) 

< 

0%02< 

92) 

<0.015< 

92) 

(1.00< 

1)  -34.32  , 

44.0 

<1.00< 

1) 

< 

O.OK 

92) 

<0.014< 

92) 

(1.00< 

1)  -37.32  1 

48.0 

(1.00< 

1) 

< 

O.OK 

91) 

<0.012< 

91) 

(1.00< 

1)  -38.24  1 

70.0 

(1.00< 

1) 

< 

O.OK 

.91) 

lO.OlK 

.(1.00< _ 1)  .r39.07 

72.0 

(1.00< 

1) 

( 

O.OK 

91) 

(0.010< 

91) 

(1.00< 

1)  -39.84 

74.0 

(1.00< 

0) 

< 

O.OK 

91) 

<0.009< 

91) 

(1.00< 

0)  -40.54 

74.0 

<1.00< 

0) 

( 

0.01< 

91) 

(0.009< 

(1.00< 

0)  -41.19 

78.0 

<1.00< 

0) 

( 

O.OK 

91) 

<0.008< 

91) 

(1.00< 

0)  -41.78 

80.0 

<1.00< 

0) 

< 

O.OK 

91) 

(0.008< 

91) 

(1.00< 

0)  -42.32 

82.0 

(1.00< 

0) 

< 

O.OK 

91) 

(0.007< 

91) 

(1.00< 

.  0)  -42.82 

84.0 

<1.00< 

0) 

< 

O.OK 

91) 

<0.007< 

91) 

(1.00< 

0)  -43.27 

84.0 

<1.00< 

0) 

< 

O.OK 

91) 

<0.007< 

91) 

(1.00< 

0)  -43.49 

.88.0 

<1.00< 

0) 

< 

O.OK 

91) 

<0.004< 

_(1.00< 

.  .0)  . -44.07. 

90.0 

(1.00< 

0) 

( 

O.OK 

91) 

<0.004< 

91) 

(1.00< 

0)  -44.41 

92.0 

<1.00< 

0) 

< 

O.OK 

90) 

(0.004< 

90) 

C1.00< 

0)  -44.72 

.94.0 

(1.00< 

0) 

( 

O.OK 

90) 

(0.004<._90I_X1 .00< 

.  0)  r44.99_ 

Figure  E-15.  Schematic  and  Computer  Printout,  Plauto-C  Resonator 
Showing  Absence  of  Second  Passband 
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Meets  +/-  2%  13.3  dB  rejection  specification 

L  FLT03.DATA 
FLT03.DATA 

00010  TRF  AA  IM  SO  .178  _ _ _ _ 

00020  TRL  BB  SE  SO  90  89.S37 
00030  CAS  AA  BB 

00040  CAP  CC  PA  32.034  _ _ _ 

OOOSO  PRC  DO  PA  -.054  1 
00040  8ER  CC  DO 

00070  CAS  AA  CC  _  _ _ 

00080  TRF  EE  IH  50  .178 
00090  CAS  AA  EE 

00100  PRI  AA  81  50 _ _ 

00110  END 

00115  57.8  59  40.2 

00130  END  _  _ 

00140  .0001  . . 

00145  0  0  10  -13.3 

00150  0  0  10  -.5  _  _ _  _ 

00155  0  0  10  -13.3  . 

00140  END 

READY  _ _ _ 

COMPACT  FLT03  *  . 

COMPACT  MICROUAVE  ANALYSIS  PROGRAM  (VERSION  2.3)  4/12/74 


ANAL(l>fSEN8(2)>0PT<3>rSWEEP(4)fNAP(5> 

WRITE  lr2r3r4>S  OR  13(1S3): 

T 
1 

POLAR  8-PARANETER^IN.„  J50.<>..0HM  SYSTEM _ ; 

F  Sll  S21  S12  S22  S21 

_  MHZ  (HA0N<AN6L}_(.f^N<AN0L)  _(  N(^<ANOL>_(gAON<ANeL; 

57.8  (0.98<  -13)  (  0.20<  -12)  (0.200<  -12)  (0.98<  170)  -13.97 
59.0  (0.10<-178)  <  0.94<. -89)_(0.944<  .TS9)_tO.J9.<  17f )  .^j50. 
40.2  <0.98<  13)  (  0.20<-147>  (0.199<-147>  (0.98<-170)  -14.02 


Figure  B-16. 


Schematic  an<3  Computer  Printout,  Helical  Resonator 
Tuned  to  59  MHz 
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821 

S12 

822 

821 

MHZ 

(MAON<ANGL> 
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(  NAON<ANGL) 
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0.21<  -13) 
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(0.97<  147) 

-13.41 

88.0 

<0.07<  -34) 
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(0.944<  -87) 

(0.07<  143) 

-O.SO 

89.8 

«0.97<  12) 
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0.22<-144> 

(0.218<-144) 

(0.97<-147) 

-13.24 

Figure  E-17.  Schematic  and  Computer  Printout,  Helical  Resonator 
Tuned  to  8  8  MHz 
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APPENDIX  F 


SHUNT  CAPACITANCE  BINARY  BUS  DESIGN 


F.l  INTRODUCTION 

This  is  a  clarified  version  of  work  described  in  the  Third 
Quarterly  Report. 

A  preliminary  model  of  a  helical  resonator  and  the  shunt 
capacitive  bus  is  shown  in  Figure  F-1.  The  30  and  88  MHz  resonator 
parameters  are  obtained  from  Figure  4.5  of  the  Third  Quarterly  Report. 
At  30  MHz,  63.877  pF  is  needed  for  resonance,  and  at  88  MHz,  2.11  pF 
is  needed  for  resonance.  The  desired  state  of  the  PIN  Diode  switches, 
and  the  on/off  diode  parameters  are  also  shown. 

A  description  of  the  calculator  program  used  to  analyze  the 
circuit  shown  in  Figure  F-1  is  given  in  Figure  5-20  of  the  main  text 
of  this  report. 

F.2  INITIAL  RESULTS 

The  circuit  shown  in  Figure  F-1  was  analyzed  at  30  MHz.  The 
results  are  shown  in  Table  F-1. 

.  A  value  of  3500  was  used  for  the  Q  of  each  of  the  tuning 

capacitors,  and  each  branch  has  a  series  inductance  of  0.075 
nH 

.  The  desired  capacity  was  63.88  pF,  the  actual  array 
apacltance  is  66.01  pF 

.  Even  with  a  series  diode  "on”  resistance  of  only  0.2  ohms, 
the  capacitor  bus  unloaded  Q  is  only  415 

.  The  actual  resonant  frequency  is  29.51  MHz  and  the  final 

value  of  the  resonator  unloaded  Q  is  331.  This  error  in  the 
resonant  frequency  can  be  compensated  for  as  long  as  it  is  a 
known  error 

.  The  diode  "off”  parallel  resistance  and  capacitance  are 

dominant  factors  regarding  the  Q  of  the  individual  branches 
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For  a  loaded  Q  of  113,  the  insertion  loss  would  be  -3.63  dB. 
This  resonator  is  thus  unsuitable  for  the  FHNUX. 


Preliminary  Model  Capacitance  Bus 


TABLE  F-1.  FILTER  ANALYSIS  AT  30  MHZ 


DIODE 

STATE 

BRANCH 

ANALYSIS 

DIODE 

STATE 

BRANCH 

ANALYSIS 

0. 

RS 

9.  00 

C,PF 

0.075 

L,NH 

3.5  03 

Q 

1.4-01 

C,PF 

OFF 

2.-01 

RP 

OFF 

3.5  03 

Q 

0.  00 

CPPF 

1.  05 

CPPF 

9.0002159  00 

C,PF 

3.01 

FMHZ 

1.5999455  03 

Q 

1.2286435-01 

C,PF 

1.4841943  02 

Q 

1.8  01 

C,PF 

3.5  03 

Q 

281-01 

C,PF 

2.-01 

RP 

3.5  03 

Q 

ON 

0.  00 

CPPF 

ON 

2.-01 

RP 

1.8000863  01 

C,PF 

0.  00 

CPPF 

1.0369738  03 

C,PF 

2.8100021-01 

C,PF 

3.3748672  03 

Q 

3.6  01 

C,PF 

3.5  03 

Q 

5.63-01 

C,PF 

ON 

2.-01 

RP 

3.5  03 

Q 

0.  00 

CPPF 

2.  -01 

3.6003454  01 

C,PF 

ON 

0.  00 

CPPF 

6.0862793  02 

Q 

5.6300084-01 

C,PF 

3.2579727  03 

Q 

TOTAL  CAPACITY  ( F) 

AND  Q  OF  BUS 

1.125  00 

C,PF 

3.5  03 

Q 

6.6014108 

01  C,PF 

1.  05 

RP 

4.1479837 

02  Q 

OFF 

1.  00 

CPPF 

5.3047892-01 

C,PF 

3.5533276  01 

Q 

RESONATOR 

INDUCTANCE 

(nH)  AND  Q 

2.25  00 

C,PF 

3.5  03 

Q 

4.4061 

02  L,NH 

1.  05 

RP 

1.643 

03  Q 

OFF 

1.  00 

CPFF 

6.9413373-01 

C,PF 

2.7220808  01 

Q 

RESONANT 

FREQUENCY  IN 

MHA,  AND 

OVERALL  Q. 

4.5  00 

C,PF 

3.5  03 

Q 

2.9510445 

01  FMHZ 

1.  05 

RP 

3.3118586 

02  Q 

OFF 

1.  00 

CPPF 

8.2073346-01 

CrPF 

2.3049598  01 

Q 

.  The  helical  resonator  unloaded  Q  is  not  the  dominant 
parameter  in  the  overall  filter  design  for  this 
configuration 

.  The  Q  of  the  capacitive  bus  is  dominant. 

When  the  model  shown  in  Figure  F-1  is  configured  for  88  MHz 
operation,  the  required  value  of  capacitance  for  resonance  is  only 
2.116  pF.  The  88  MHz  analysis  is  shown  in  Table  F-2.  Again, 
performance  is  inadequate.  The  resonant  frequency  is  well  below  88 
MHz,  and  the  unloaded  Q  is  only  89.5.  As  shown,  the  Q  of  the  branches 
is  very  low. 

F.3  ANALYSIS  OF  PROBLEM  AREAS 

The  capacitive  Bus  Connection  Point  is  one  of  the  main  problem 
areas.  At  resonance,  the  parallel  resistance  of  the  filter  should  be 
very  high  in  order  to  have  a  high  unloaded  Q.  Placing  the  shunt 
capacitive  bus  across  the  "open  ended"  point  of  the  helical  resonator 
has  a  drastic  effect  on  the  Q  of  the  resonant  circuit. 

In  order  to  achieve  success  with  the  shunt  reactive  bus  as 
modeled  in  Figure  F-1,  the  following  diode  parameters  are  required: 

Ron  <  .1  ohms 

Rp  >  10  Meghoms 

Cp  =  0.1  pF-2  pF 

Clearly,  these  parameters  will  not  soon  be  available  with  PIN 
Diodes  or  FETS.  It  is  felt  that  a  special  form  of  Reed  relay  could 
approach  the  needed  performance,  but  careful  design  would  be  needed  to 
provide  switch  plus  bounce  times  compatible  with  the  slow  frequency 
hopping  case.  The  fast  frequency  hopping  case  will  always  require 
electronic  switching. 

Table  F-3  depicts  performance  obtained  with  relay  type 
parameters.  The  results  are  better  but  still  below  the  requirements. 
The  ratio  of  unloaded  to  loaded  Q  is  only  8.9,  so  the  insertion  loss 
would  be  -1.04  dB. 


TABLE  F-2.  FILTBt:  ANALYSIS  AT  88  MHz 


DIODE 

STATE 

BRANCH 

ANALYSIS 

DIODE  BRANCH 

STATE  ANALYSIS 

0. 

RS 

9.  00 

C,PF 

0.075 

L,NH 

3.5  03 

Q 

1.4-01 

C,PF 

1.  05 

RP 

3.5  03 

Q 

OFF  1.  000 

CPPF 

ON 

2.-01 

RP 

9.0109316-01 

C,PF 

0.  00 

CPPF 

6.1395894  01 

Q 

8.8  01 

FMHZ 

1.4000045-01 

C,PP 

1.8  01 

C,PF 

3.320086  03 

Q 

3.5  03 

Q 

1.  05 

RP 

2.81-01 

C,PP 

OFF  1.  00 

CPPF 

3.5  03 

Q 

9.4857975-01 

C,PF 

ON 

2.-01 

RP 

5.8373632  01 

Q 

0.  00 

CPPF 

2.8100181-01 

C,PP 

3.6  01 

C,PF 

3.156608  03 

Q 

3.5  03 

Q 

OFF  1.  05 

RP 

5.63-01 

C,PF 

1.  00 

CPPF 

3.5  03 

Q 

9.7425071-01 

C,PF 

ON 

2.-01 

RP 

5.6860507  01 

Q 

0.  00 

CPPF 

5.6300727-01 

C,PP 

TOTAL  CAPACITY  (PF) 

2.8737482  03 

Q 

AND  Q  OF  BUS 

1.125  00 

C,PF 

6.4446469  00  C,PF 

3,5  03 

Q 

9.2445237  01  Q 

ON 

2.-01 

RP 

0.  00 

CPPF 

1.125029  00 

C,PF 

RESONATOR  INDUCTANCE 

2.4382398  03 

Q 

(nH)  AND  Q 

2.25  00 

C,PF 

1.54  03  L,NH 

3.5  03 

Q 

2.814  03  Q 

1.  05 

RP 

OFF 

1.  00 

CPPF 

6.9295435-01 

C,PF 

RESONANT  FREQUENCY  IN 

7.9418586  01 

Q 

MHZ,  AND  OVERALL  Q 

4.5  00 

C,PF 

5.0522588  01  FMHZ 

3.5  00 

Q 

8.9504834  01  Q 

1.  05 

RP 

OFF 

1.  00 

CPPF 

8.1908515-01 

C,PF 

6.7424524  01 

Q 
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TABLE  F-3.  FILTER  PERFORMANCE  WITH  LOW  CAPACITANCE  RELAY  PARAMETERS  j 


DIODE 

STATE 

BRANCH 

ANALYSIS 

diode  branch 

STATE  ANALYSIS 

0. 

RS 

9.  00 

C,PF 

0.075 

L,NH 

3.5  03 

Q 

1.4-01 

C,PF 

OFF  1.  07 

RP 

3500. 

Q 

l.-Ol 

CPPF 

ON 

0.2 

RP 

9.987968-02 

C,PF 

0. 

CPPF 

5.6370592  02 

Q 

8.8  01 

FMHZ 

1.4000045-01 

C,PF 

1.8  01 

C,PF 

3.320086  03 

Q 

3.  5  03 

Q 

OFF  1*07 

RP 

0.  281 

C,PF 

l.-Ol 

CPPF 

3.5  03 

Q 

1.0043699-01 

C,PF 

ON 

2.-01 

RP 

5.6107942  02 

Q 

0.  00 

CPPF 

2.8100181-01 

C,PF 

3.6  01 

C,PP 

3.1566608  03 

Q 

3  •  S  03 

Q 

OFF  1.  07 

RP 

5.63-01 

C,PF 

l.-Ol 

CPPF 

3.5  03 

Q 

1.0071799-01 

C,PF 

2.-01 

RP 

5.5976441  02 

Q 

ON 

0.  00 

CPPF 

5.6300727-01 

C,PF 

TOTAL  CAPACITY  (PF) 

2.8737482  03 

Q 

AND  Q  OA  BUS 

1.125  00 

C,PF 

2.6055173  00  C,PF 

3.5  03 

Q 

1.5647869  03  Q 

ON 

2.-01 

RP 

0.  00 

CPPF 

RESONATOR  INDUCTANCE 

1.125029  00 

C,PF 

(nH)  AND  Q 

2.4382398  03 

Q 

1.54  03  L,NH 

2.25  00 

C,PF 

2.814  03  Q 

3.5  03 

Q 

OFF 

1.  07 

RP 

RESONANT  FREQUENCY  IN 

l.-Ol 

CPPF 

MHZ,  AND  OVERALL  Q 

9.6661506-02 

C,PF 

5.7936684  02 

Q 

7.9453466  01  FMHZ 

1.0056005  03  Q 

4.5  00 

C,PF 

3.5  03 

Q 

OFF 

1.  07 

RP 

Relay  Parameters 

l.-Ol 

CPPF 

9.8783407-02 

C,PF 

Off  Capacitance  -  O.lpf 

5.6894485  02 

Q 

Off  Resistance  -  10  meg 

ohms 

On  Resistance  -  0.2  ohms 

At  88  MHz; 

Reasonable  Accuracy 

Qu  (1000)  Moderate 
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Table  F-4  shows  the  effect  of  an  increased  "off  capacity.  The 
paraneters  remained  the  same  as  in  Figure  4-*10,  but  the"off*  capacity 
was  increased  from  0.1  to  2.0  pF.  This  resulted  in  much  higher 
unloaded  Q  (over  5500),  but  the  on/off  capacity  ratio  suffered 
considerably,  and  hence  tuning  accuracy  is  very  poor. 

F.4  COMMENT 

Recent  work  by  Karp  (Reference  9  and  10)  showed  that  a 
transmission  line  resonator  could  be  tuned  by  capacitively  tapping  the 
line  at  several  lower  impedance  points.  A  loaded  Q  of  200  was 
achieved  with  an  insertion  loss  of  about  2  dB,  when  tuning  from  350  to 
400  MHz. 

In  addition,  the  structure  of  the  shunt  reactive  bus  should  be 
changed.  The  bus  eventually  may  have  three  main  sections,  as  noted 
below. 

The  three  or  four  shunt  elements  having  the  highest  value  of 
capacity  will  probably  have  to  be  well  isolated  from  the  rest  of  the 
bus  when  they  are  in  the  off  state. 

A  better  means  of  Achieving  the  needed  fine  grain  tuning  is 
needed.  In  addition,  a  high  Q  trimmer  capacitor  will  probably  be 
needed  to  accommodate  manufacturing  tolerance  variations.  This  will 
result  in  a  high  resolution  section  of  the  bus,  probably  at  a  location 
which  is  tapped  well  down  from  the  high  Impedance  "open  ended"  area. 

A  third  section  would  contain  all  other  elements  of  the  bus. 
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TABLE  F-4.  FILTER  PERFORMANCE  WITH  HIGH  CAPACITANCE  RELAY  PARAMETERS 


DIODE 

BRANCH 

DIODE  BRANCH 

STATE 

ANALYSIS 

STATE  ANALYSIS 

0. 

RS 

9 

.00 

C,PP 

0.075 

L,NF 

3.5 

03 

Q 

1.4-01 

C,PF 

1. 

07 

RP 

3.5  03 

Q 

OFF  2. 

00 

CPPF 

ON 

2.-01 

RP 

1.6370945 

00 

CrPF 

0.  00 

CPPF 

7.9416984 

03 

Q 

8.8  01 

FMHZ 

1.4000045-010 

C,PF 

1.8 

01 

C,PF 

3.320086  03 

Q 

3.5 

03 

Q 

OFF  1. 

07 

RP 

2.81-01 

C,PF 

2. 

00 

CPPF 

3.5  03 

Q 

1.800843 

00 

C,PF 

2.-01 

9.0966867 

03 

Q 

ON 

0.  00 

CPPF 

2.8100181-01 

C,PF 

3.6 

01 

C,PF 

3.1566608  03 

Q 

3.5 

03 

Q 

OFF  1. 

07 

RP 

5.63-01 

C,PF 

2. 

00 

CPPF 

3.5  03 

Q 

1.8957167 

00 

C,PF 

2.-01 

RP 

9.9330953 

03 

Q 

ON 

0.  00 

CPPF 

5.6300727-01 

C,PF 

2.8737482  03 

Q 

TOTAL  CAPACITY  (PF) 

AND  Q  OF  BUS 

1.125  00 

C,PF 

3.5  03 

Q 

9.887002  00  C,PF 

2.-01 

RP 

5.5387432  03  Q 

ON 

0.  00 

CPPF 

1.125029  00 

C,PF 

RESONATOR  INDUCTANCE 

2.4382398  03 

Q 

(nH)  AND  Q 

2.25  00 

C,PF 

1.54  03  L,NH 

3.5  03 

Q 

2.814  03  Q 

1.  07 

OFF 

2.  00 

CPPF 

RESONANT  FREQUENCY 

1.0591295  00 

C,PF 

IN  MHZ,  AND  OVERALL 

Q 

5.484478  03 

Q 

4.0787533  01  FMHZ 

4.5  00 

C,PF 

1.8659766  03  Q 

3.5  03 

Q 

OFF 

1.  07 

RP 

Relay  Parameters 

2.  00 

CPPF 

1.3851386  00 

C,PF 

Off  Capacitance  -  2pf 

6.644031  03 

Q 

Off  Resistance  -  1C 

meg 

ohms 

On  Resistance  -  0. 

2  ohms 

At  88  MHz 

Higher  Qu 

Poorer  on/off  Ratio 
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APPENDIX  G 


BLOCKAGE  RATE  OF  THE  PHMUX 


The  purpose  of  this  appendix  is: 

1.  To  provide  additional  detail  on  the  simulation  of  the 
blockage  rate  for  the  frequency  hopping  multiplexer. 

2.  To  provide  an  approximate  analytical  calculation  that 
corroborates  the  simulation. 

3.  To  provide  a  further  interpretation  of  the  results  to 
preclude  any  misunderstanding  as  to  the  regime  of  their 
applicability. 

Figure  4.3  illustrates  the  system  for  which  blockage  rate 
calculations  are  to  be  performed.  Five  transceivers  are  connected  to 
the  FHMUX.  Transceiver  Number  1  has  highest  priority;  Number  5,  the 
lowest.  Five  blockage  probabilities  are  to  be  calculated  as  follows: 

1.  The  probability  that  Transceiver  Number  1  is  blocked  from 
receiving  a  signal  by  a  transmission  from  a  higher  priority 
transmitter.  (Identically  zero  since  there  are  no  higher 
priority  transmitters). 

2.  The  probability  that  Transceiver  2  is  blocked  from  receiving 
a  signal  by  a  transmission  from  a  higher  priority 
transmitter.  (Number  1  is  the  only  higher  priority 
transmitter)  . 

3.  The  probability  that  Transceiver  3  is  blocked  from  receiving 
a  signal  by  a  transmission  from  a  higher  priority 
transmitter.  (Either  Number  1  or  2). 

4.  The  probability  that  Transceiver  4  is  blocked  from  receiving 
a  signal  by  a  transmission  from  a  higher  priority 
transmitter.  (Either  1,  2,  or  3). 

5.  The  probability  that  Transceiver  5  is  blocked  from  receiving 
a  signal  by  a  transmission  from  a  higher  priority 
transmitter.  (Any  of  the  other  transceivers). 

For  the  purpose  of  the  calculation,  a  receiver  is  blocked  when 
one  or  more  higher  priority  transceivers  are  transmitting  within  the 
receiver's  -40dB  bandwidth  (reference  the  receiver's  frequency).  Each 
of  the  five  cases  listed  above  was  simulated.  For  each  single  event 
of  the  simulation,  a  receiver  frequency  was  picked  at  random;  an 
appropriate  number  of  transmitter  frequencies  were  independently 
picked  at  random;  the  event  was  defined  as  a  blocked  event  if  any 
transmit  frequency  was  within  the  receiver's  bandwidth.  A  large 


number  of  events  were  exercised  (20,000)  for  each  simulation  run.  The 
ratio  of  the  blocked  events  to  the  total  number  of  events  in  a  run  is 
defined  as  the  probability  of  being  blocked. 

The  simulation  results  are  summarized  in  Table  4-4  where  the 
entries  of  the  table  under  "User  Number  1”  are  to  be  identified  with 
the  first  probability  listed  above;  the  tabulated  entries  under  "User 
Number  2"  are  to  be  identified  with  the  second  probability  listed 
above,  etc. 

In  addition  to  the  simulation  results,  the  blockage  probability 
can  be  calculated  analytically.  Note  that  the  blockage  probability  is 
equal  to  1  minus  the  probability  of  not  being  blocked.  That  is, 

"b  =  ^  -  "nb 

The  probability  of  not  being  blocked  is  the  probability  that  any  one 
of  the  independently  hopping  transmitters  will  not  hop  within  the 
receiver's  -40dB  bandwidth.  That  is, 

^  ^  -  (^b)™  (2) 

where  m  is  the  number  of  transmitters  (between  0  and  4)  and  is  the 

probability  that  an  individual  transmitter  will  not  hop  within  the 
receiver's  -40  dB  bandwidth. 

In  order  to  get  the  probability  of  an  individual  transmitter  not 
hopping  within  the  receiver’s  bandwidth,  first  note  that  the  ratio  of 
the  average  of  the  receiver's  -40  dB  bandwidth  to  the  total  hopping 
bandwidth  is, 


0. 1 


r  * 


fJ/2 


=  0.1 


(59) 

~5T" 


=  0.10172 


(3) 


where  r  is  the  bandwidth  ratio,  the  multiplier  0.1  occurs  because  the 
-40  dB  bandwidth  is  assumed  to  span  ^  5%  or  0.1  times  the  receiver's 
operating  frequency,  fy  is  the  upper  frequency  of  the  hopping  range 
(80  MHz  in  the  SINCGARS  example) ,  f  is  the  lower  frequency  of  the 
hopping  range  (30  MHz  in  the  SINCGARS  example),  (fy  +  the 

average  value  of  the  receiver's  operating  frequency  (59  MHz  in  the 
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SINCGARS  example)  and  (£^  -  £^)  is  the  hopping  £requency  bandwidth  (58 
MHz  in  the  SINCGARS  example) .  The  ratio  r  is  approximately  10%  £or 
the  case  o£  a  +  5%  (-40  dB)  bandwidth  and  the  SINCGARS  £requencies. 

When  a  transmitter  in  the  blockage  scenario  picks  a  £requency, 
approximately  90%  o£  the  hopping  bandwidth  is  available  in  which  the 
receiver  is  not  blocked.  That  is, 

»  1  -  r  =  0.89828 

where  is  the  probability  that  a  single  transmitter  will  not  block 
the  target  receiver  and  r  is  the  receiver’s  occupied  bandwidth 
expressed  as  a  percentage  o£  the  hopping  bandwidth. 

Then  the  blockage  rate  £or  the  receiver  is 

Pj  -  1  -  (1  -  r)"  (4) 

where  r  is  the  receiver  occupied  bandwidth  ratio  and  m  is  the  number 
o£  possible  blocking  transmitters. 

For  r  small, 

Pg*'  m  r  (5) 

Table  G-1  summarizes  some  simulated  and  calculated  results.  The 
simulated  results  are  taken  directly  £rom  those  previously  provided  in 
Table  4-4  £or  the  case  o£  a  +  5%  (-40  dB)  bandwidth.  The  analytical 
results  are  calculated  £rom  equation  4  above.  The  probabilities  P-, 
to  Pgg  are  the  blockage  probabilities  £or  the  £irst  to  £i£th  receiver 
as  de£ined  at  the  opening  o£  the  appendix. 

The  tabulated  entries  show  simulation  and  analysis.  The  latter 
is  likely  to  have  the  lesser  accuracy  since  the  percent  bandwidth 
occupied  by  the  receiver  is  approximated  as  the  average  value  at  the 
center  of  the  band. 

Equation  5  indicates  £or  su££iciently  small  r  (the  receiver 
occupied  bandwidth  ratio) ,  the  tabulated  entries  should  be  linear  in 
m,  the  number  o£  inter£ering  transmitters.  The  linear  relation  is 
only  somewhat  £ollowed  in  the  tabulated  entries.  For  r«0.1  as  in 
the  table,  the  approximation  is  not  su££iciently  exact. 
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Certain  constraints  apply  to  the  results  discussed  in  this 
appendix  and  in  the  main  test,  particularly  as  presented  in  Table  4-4. 

1.  The  blockage  rate  applies  to  a  receiver  blocked  by  one  or 
more  higher  priority  transmitters.  Neither  the  simulation 
nor  the  analytical  calculation  "double  count."  That  is,  if 
a  receiver  is  blocked  by  more  than  one  transmitter  in  a 
single  event,  this  counts  as  only  one  blockage. 

2.  The  results  of  the  appendix  are  only  for  +  5%  receiver 
bandwidth.  The  main  test  includes  simulations  for  lesser 
bandwidths.  When  the  analytical  results,  calculated  from 
Equation  4  of  this  appendix,  are  compared  to  the  simulation 
results  of  the  main  text,  there  is  close  agreement. 

3.  The  results  of  this  section  and  those  tabulated  in  Table  4-4 
apply  to  a  fixed  priority  scheme.  The  main  text  treats  the 
rotating  priority  scheme. 

4.  The  blockage  ratio,  as  tabulated,  generally  requires  the 
occurrence  of  a  number  of  simultaneous  events,  best 
described  st  itistically.  For  example  Pgc  applies  when  four 
higher  priority  transmitters  are  simultaneously 
transmitting.  Further,  the  receive  blockage  events  are  only 
relevant  when  the  receiver  is  receiving  an  active  distant 
transmission. 

5.  The  blockage  probabilities  discussed  herein  are  testable 
when  prototype  hardware  is  built  and  tested  along  with 
SINCGARS  hopping  radios. 

6.  In  another  use  of  the  FHMUX  scenario,  there  are  multiple 
distant  transmitters  operating  in  independent  frequency 
hopping  nets  with  the  local  transceivers  operating  on  the 
received  signals.  Occasionally,  nearly  the  same  frequency 
is  used  in  the  independent  nets.  The  receiver  operation  at 
the  FHMUX  is  deleter iously  affected  only  when  the  hop 
frequencies  are  within  the  -3  dB  bandwidth  of  the  FHMUX 
filter  (rather  than  the  -40  dB  bandwidth  as  in  the 
transmitter  to  receiver  scenario  discussed  previously) .  By 
appropriate  tuning  of  the  FHMUX  filters,  the  received 
signals  can  be  power  split  between  the  affected  receivers. 
Since  external  atmospheric  or  man-made  noise  is  also  power 
split,  the  received  signal  to  noise  ratio  is  not  necessarily 
deleter iously  affected.  In  any  case,  the  blockage  rate, 
defined  for  this  scenario  as  being  within  the  -3  dB 
bandwidth,  is  lower  than  that  for  the  transmitter-receiver 
coupling  scenario  previously  described  since  the  -3  dB 
bandwidth  is  narrower  than  the  -40  dB  bandwidth. 
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ABSTRACT 


This  GTE  Sylvania  Final  Report  completes  a  successful  program  to 
prove  the  design  concept  and  demonstrate  equipment  feasibility  for  a 
VHF  Frequency  Hopping  Multiplexer  (FHMUX) .  This  is  a  continuation  of 
the  FHMUX  Design  Assessment  Program,  which  develops  and  explains  an 
approach  to  permit  the  operation  of  up  to  five  frequency  hopping 
transceivers,  in  the  30-88  MHz  frequency  range,  with  a  common  wideband 
antenna . 

The  results  of  the  program  are  positive.  The  FHMUX  will  perform 
as  required  and  also  enhance  certain  transceiver  performance 
parameters  such  as  broadband  transmitter  noise  rejection,  more 
constant  transmitter  loading,  and  increased  receiver  selectivity. 

Itiese  positive  results  should  encourage  the  design  and  development  of 
an  FHMUX  advanced  engineering  model. 


1 


SECTION  1 


INTRODUCTION 


1.1  PROGRAM  DESCRIPTION 

This  Final  Report  describes  the  design  and  evaluation  of  a 
frequency  hoppable  multiplexer  (FHMUX)  feasibility  model  to  operate  in 
the  50-88  MHz  range.  Ihe  FHMUX  Design  Assessment  Final  Report 
discusses  the  need  to  divide  the  30-88  MHz  frequency  range  into  two 
segments;  30  to  approximately  50  MHz,  and  50-88  MHz.  The  upper 
frequency  range  was  selected  for  the  FHMUX  feasibility  model  because 
the  rost  severe  RF  switching  problem,  circuit  stray  capacitance,  has 
the  greatest  tuning  effect  at  the  high  frequency  range. 

The  brassboard  feasibility  model  consists  of  two  filter  couplers, 
and  adequately  demonstrates  the  feasibility  of  the  GTE  Sylvania  FHMUX 
concept.  This  model  shall  serve  as  a  performance  baseline  for  future 
refinements  and  improvements. 

The  FHMUX  system  designed  herein  consists  of  frequency  agile 
bandpass  filters  combined  with  quadrature  couplers  to  produce  filter 
couplers.  These  individual  filter  couplers  are  then  multiplexed 
together  to  provide  two  channels  of  FHMUX  operation. 

A  breadboard  resonator  was  designed,  built,  and  tested,  and  the 
RF  signal  input/output  coupling  structures  were  optimized.  Initial 
filter  tuning  was  accomplished  with  high  Q  chip  capacitors. 

Electronically  tuneable  capacitive  busses  were  then  designed  and 
built  Ucjing  the  best  available  PIN  Diodes,  and  were  installed  in  the 
resonetors  in  place  of  all  of  the  fixed  values  of  capacitance.  This 
provided  an  electronically  switchable  mode  for  the  bandpass  filters. 

After  the  resonator  and  PIN  Diode  switched  capacitive  bus  designs 
were  finished,  two  complete  electrically  tuneable  filter-coupler 
assemblies  were  fabricated  and  tested.  They  were  then  combined  to 
form  the  two  channel  FHMUX  feasibility  model. 
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The  model  was  evaluated  for  insertion  loss,  channel  isolation, 
and  load  pulling.  Channel  isolation  under  load  VSWR  conditions  was 
better  than  expected.  Intermodulation  distortion  and  harmonic 
generation  observations  at  a  0.1  watt  level  were  also  performed. 

1.2  REPORT  ORGANIZATION 

This  is  a  hardware  oriented  report,  and  the  theoretical 
justification  for  this  work  is  contained  in  the  PHMUX  Design 
Assessment  Final  Report,  and  not  contained  herein.  This  Feasibility 
Model  Final  Report  is  organized  as  shown  below: 

Section  2  Justification  for  Resonator  Design 
Section  3  Resonator  Design 

Section  4  PIN  Diode  Evaluation  and  Circuit  Design 
Section  5  Shunt  Capacitive  Bus  Design 

Section  6  System  Tests 

Section  7  Conclusions  and  Recommendations 

Section  8  Bibliography 

Section  9  Appendix  A 
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SECTION  2 

JUSTIFICATION  FOR  RESONATOR  DESIGN 

The  FHMUX  Design  Assessment  effort  recommended  the  use  of  helical 
resonators.  The  only  other  suitable  inductive  element  is  the  standard 
transmir'^ion  type  quarter  wave  resonator. 

When  the  feasibility  study  began,  the  helical  resonator  design 
was  addressed  in  detail.  It  was  decided  to  set  the  frequency  range  of 
the  model  at  56-88  MHz,  a  bandwidth  of  45.6%.  The  low  band  would  thus 
cover  30-56  MHz,  a  bandwidth  of  63%.  The  differences  in  percent 
bandwidth  were  made  to  compensate  for  possible  problem  areas  in  the 
design  of  the  shunt  capacitive  bus. 

A  first  helical  resonator  design  was  performed,  and  the  results 
are  shown  in  Table  2-1.  The  design  equations  which  were  used  are 
contained  in  Handbook  of  Filter  Synthesis,  by  A.  Zverev,  Pages  499- 
502. 


TABLE  2-1.  HELICAL  RESONATOR  DESIGN  (ROUND) 


Desired  unloaded  Q 

3000 

Self  Resonant  Frequency 

110  MHz 

Minimum  Diameter 

5.72  Inches 

Assigned  Diameter 

6.0  Inches 

Diameter  of  Helix 

3.3  Inches 

Length  of  Helix 

4.95  Inches 

Turns  Per  Inch 

.584 

Number  of  Turns 

2.88 

Height  of  Resonator 

7.95  Inches 

Diameter  of  Wire 

0.856  Inches 

Characteristic  Impedance 

148.5  OHMS 

Unloaded  Q 

3146 

Capacity  Needed  to  Resonate 

at  88  MHz 

5.00  pF 

Vol ume 

225  Cubic  Inches 

5 

-  4 

-  ---  — ^  " — -  -  — - -  -  


A  review  of  the  design  parameters  showed  that  the  helix  wire 
diameter  was  required  to  be  0.856  inches.  A  mandrel  with  a  diameter 
of  2.44  inches  would  have  to  be  machined,  and  the  helix  wound  on  it. 
The  need  for  extensive  precision  machining  (especially  if  changes  were 
needed)  ,  and  the  difficulty  in  soldering  and  fixturing  such  heavy 
ire,  would  seriously  compromise  the  design  flexibility  and  increase 
fabrication  costs. 

Further,  a  review  of  Table  2-1  shows  that  only  5.0  pF  of  capacity 
in  the  shunt  bus  would  resonate  the  filter  at  88  MHz.  This  value  of 
5.0  pF  would  have  to  include  all  stray  capacitances  in  the  circuit. 
This  is  another  limitation  of  the  helical  resonator. 

Therefore  a  more  flexible,  less  critical  form  of  resonator  was 
needed,  if  the  feasibility  model  was  to  accomplish  its  goals.  Since 
physical  size  was  not  of  importance  at  this  time,  a  transmission  line 
quarter  wave  resonator  design  was  started. 

The  design  equations  for  the  quarter  wave  resonator  were  found  on 
Pages  191  and  192  of  Radio  Engineers  Handbook,  First  Edition,  by  Dr, 
Frederick  E,  Terman. 

Most  quarter  wave  resonators  are  designed  to  have  a  character¬ 
istic  impedance  of  75  ohms.  This  results  in  the  minimum  attenuation 
per  foot.  The  derivation  of  this  is  given  in  Microwave  Filters, 
Impedance  Matching  Networks,  and  Coupling  Structures,  by  G.  Mathaei , 

L.  Young,  and  E.M.T.  Jones,  Pages  165-166,  published  by  Artech  House. 

Expensive  machining  was  not  necessary  for  this  type  of  resonator, 
and  it  was  quickly  discovered  that  a  four  inch  diameter  outer 
conductor,  and  a  one  inch  diameter  inner  conductor  would  give  a  75  ohm 
characteristic  impedance.  These  parts  were  readily  available 
(standard  plumbing  items)  ,  and  the  self  resonant  frequency  could  be 
easily  changed  by  merely  changing  the  length  of  the  inner  conductor. 


The  reactance  of  the  quarter  wave  resonator  is  given  on  page  192 
of  Radio  Engineers  Handbook  as: 


Xs  =  j  Zo  tan  (Ztt  l/X)  (1) 

Where  Zo  is  the  characteristic  impedance  in  ohms,  i  is 
the  resonator  length,  and  X  is  the  wavelength  of  the 
self  resonant  frequency. 

Tliis  is  essentially  the  same  expression  as  that  used  for  a 
helical  resonator.  A  quarter  wave  resonator  with  a  characteristic 
impedance  of  75  ohms  will  have  about  half  as  much  inductive  reactance 
as  the  helical  resonator  described  in  Table  2-1,  which  has  a 
characteristic  impedance  of  148  ohms.  This  means  that  about  10  pF  of 
capacity  (instead  of  5)  will  resonate  the  filter  at  88  MHz.  This 
eases  the  design  of  the  capacitive  bus. 

Thus,  the  quarter  wave  resonator  was  chosen  for  use  in  the 
feasibility  model. 
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SECTION  3 


RESONATOR  DESIGN 


3.1  BASELINE  DESIGN 

As  noted,  the  quarter  wave  resonator  was  selected  for  use  in  the 
feasibility  model.  Two  sections  of  hard  drawn  copper  pipe  were  used 
for  the  breadboard  resonator,  and  the  basic  means  of  construction  is 
shown  in  Figure  3-1. 

The  inner  diameter  of  the  four  inch  section  was  measured  and 
found  to  be  3.960  inches,  and  the  outer  diameter  of  the  one  inch 
section  was  found  to  be  1.124  inches.  Hie  characteristic  impedance  of 
a  concentric  transmission  line  is  given  by  this  equation: 

Zo  log  D/d  12) 


Where  e  is  the  dielectric  constant,  D  is  the  inside 
dimension  of  the  outer  conductor,  and  d  is  the  outside 
dimension  of  the  inner  conductor. 

The  impedance  of  the  breadboard  resonator  is  thus  calculated  to 
be  75.48  ohms,  which  is  very  close  to  the  desired  minimum  loss  value 
mentioned  earlier. 

Since  the  desired  self  resonant  frequency  was  110  MHz,  the  length 
of  the  inner  conductor  was  set  to  be  a  quarter  wavelength  at  110  MHz. 
This  length  was  calculated  to  be  26.84  inches,  using  the  equation. 

A=  300/f  (3) 

Where  \  is  the  wavelength  in  meters,  and  f  is  the 
frequency  in  megacycles. 

The  inner  pipe  sits  down  in  an  endcap  which  is  about  0.1  inches 
thick,  so  the  actual  pipe  length  was  set  to  be  26.75  inches. 


aaetsam  imi  “i  wr  “it  wiumo 
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The  unloaded  Q  of  this  resonator  is  calculated  using  equation  69 
on  page  192  of  Radio  Designers  Handbook. 

Q  »  0.0839  W  bH  (4) 

Where  f  is  in  Hz 
b  s  3.96  inches 
h  =  0.98  (Figure  53) 

thus,  Q  =  3415 

The  resonator  was  assembled,  and  relatively  small  input  and 
output  coupling  loops  were  installed  and  aligned  for  minimum  insertion 
loss  at  the  self  resonant  frequency. 

Baseline  data  was  taken  with  no  capacitive  resonating  elements  in 
order  to  characterize  the  resonator  alone.  This  data  is  summarized  in 
Table  3-1. 


TABLE  3-1.  RESONATOR  BASELINE  DATA 


The  unloaded  Q  of  the  resonator  can  be  obtained  from  the  measured 
data  and  compared  with  the  previously  calculated  value  of  3415.  The 
insertion  loss  of  a  resonant  circuit  is  given  by  the  ratio  of  unloaded 
to  loaded  Q,  as  shown  in  the  FHMUX  Design  Assessment  Final  Report. 


L  *  20  log 


Qu/QL 


(5) 


Where  Qu  is  the  unloaded  Q,  and  Q 

la 

is  the  loaded  Q  and  L  is  insertion  loss  in  dB. 

Solving  for  Qu ,  we  have: 

using  the  measured  values  of  insertion  loss  and  loaded  Q,  the 
unloaded  Q  of  the  resonator  at  the  self  resonance  frequency  is 
calculated  to  be  2745.  This  is  19.6%  lower  than  the  calculated  value 
of  3415.  Construction  details  of  the  resonator  which  might  affect 
these  variations  in  Q  are: 

.  The  resonator  is  made  of  solid,  hard  drawn  copper,  so  the 
resistivity  should  be  acceptably  low 

.  Silver  plating  was  not  used,  it  was  felt  that  later  on, 

when  PIN  Diodes  were  used  in  the  resonator,  the  degradation 
in  Q  would  be  completely  set  by  these  diodes,  whether 
plating  was  used  or  not 

.  Finger  stock  made  of  beryllium  copper  was  used  to  guarantee 
good  connection  between  the  four  inch  tube  and  the  large  end 
cap 

.  Cbmmon  60/40  solder  was  used.  Later  models  used  silver 
bearing  solder. 

It  was  concluded  that  this  resonator  design  was  a  good  first 
effort.  The  self  resonant  frequency  was  within  1.7%  of  the  design 
value,  and  the  unloaded  Q  was  acceptable. 

3.2  COUPLING  STUDY 

The  RF  architecture  defined  by  the  FHMUX  Design  Assessment  is 
that  of  quadrature  coupled  bandpass  filters,  used  as  building  blocks. 
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The  quad  couplers  provide  VSWR  isolation  between  the  cascaded  filter 
sections.  Thus,  the  bandpass  filters  are  not  directly  cascaded,  and 
each  filter  must  have  its  own  coaxial  50  ohm  input/output  ports. 


Initial  coupling  efforts  used  loops  of  various  sizes  for  both 
input  and  output  ports,  and  in  general,  both  insertion  loss  (I.L.)  and 
loaded  Q  varied  considerably  across  the  55-88  MHz  frequency  range. 

One  of  these  coupling  loops  is  shown  in  the  foreground  of  Figure  3-1. 

A  combination  of  loop  and  tap  coupling  was  also  tried.  Finally  a  two 
tap  system  was  tried  and  adopted.  The  two  tap  system  was  not  entirely 
satisfactory,  but  seemed  to  be  the  best  available  method.  A 
comparision  between  the  loop-tap  and  two  tap  systems  in  given  in  Table 
3-2. 


TABLE  3-2.  C(»1PARIS0N  OF  TAPPING  METHODS 


Resonating 

Element 

Val  ue 

1.125"  X  2.25"  Loop 
and  Tap  (2"  From  Short) 

Two  Taps,  at  Common 

Point,  (1"  From  the  Short)  . 

fo  I.L.  Loaded 

(MHz)  (dB)  0 

fo  I.L.  Loaded 

(MHz)  (dB)  Q 

None 

108.4  -0.292  72.6 

18  pP 
(midway 

down 

pipe) 

83.0  -0.81  71.7 

10  pP 

on  end 

82.1  -0.57  85.7 

18  pP 

on  end 

69.5  -1,22  118.3 

69.22  -0.98  111.5 

Two  18 

pF  on 

end 

55.68  -1.6  135.3 

-55.15  -1.24  133.2 
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Table  3-2  shows  that  the  two  tap  system  gives  lower  insertion 
loss  for  about  the  same  loaded  Q.  Figure  3-2  shows  the  two  tap 
system . 

3.3  JUSTIFICATION  OF  LOSSES 

The  shunt  capacitive  bus  analysis  given  in  Section  5.9  of  the 
FHMUX  Design  Assessment  Final  Report  was  based  on  the  use  of  ATC 
(American  Technical  Ceramics)  175  style  transmitting  capacitors. 

These  components  were  selected  for  their  high  voltage  and  Q 
characteristic.  However,  they  have  been  discontinued  by  the  vendor. 
The  ATC  lOOB  series,  which  has  lower  Q  and  voltage  ratings  (500 
volts),  were  available,  and  were  used  for  this  model.  Vendor  data  for 
the  ATC  100  and  ATC  175  capacitors  is  given  in  Appendix  A. 

Before  proceeding  to  the  design  of  the  switched  capacitive  bus 
and  its  associated  PIN  Diode  circuitry,  an  attempt  was  made  to  justify 
the  insertion  loss  measured  with  the  two  tap  system  (Table  3-2) .  The 
unloaded  Q  of  the  ATC  lOOB  capacitors  was  extrapolated  from  the 
vendors  data,  and  used  with  the  resonator  unloaded  Q  as  calculated 
from  Equation  4.  If  these  two  values  of  unloaded  Q  are  known,  the 
unloaded  Q  of  the  filter  can  be  computed.  Ihe  filter  unloaded  Q  is 
the  parallel  combination  of  the  resonator  and  capacitor  unloaded  Q's. 

Qu=  Of*’*'  _  X  Qcap 

Cres  +  Qcap  (7) 

Now,  since  the  filter  loaded  Q  had  already  been  measured,  the  expected 
filter  insertion  loss  could  be  calculated  by  using  Equation  5.  The 
results  of  this  comparison  are  shown  in  Table  3-3. 
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TABLE  3-3.  LOSS  JUSTIFICATION 


Resonating  Capacitor  Value 


10  pF 

18  pF 

36  pF 

Frequency  (MHz) 

82.1 

69.22 

55.158 

Q  Resonator 

2950 

2709 

2428 

Q  Capacitor 

1700 

1400 

1400 

Combined  Unloaded  Q 

1079 

923 

887 

Measured  Q 

85.7 

111.5 

133.2 

Insertion  Loss  (dB) 

Calculated 

0.719 

1.12 

1.41 

Measured 

0.57 

0.98 

1.24 

■  Error" 

0.15 

0.14 

0.17 

Comments  regarding  Table  3-3: 


Itie  measured  values  of  insertion  loss  were  lower  than  the 
calculated  values 

The  difference  between  the  calculated  and  measured  values  of 
insertion  loss  is  small 

Previous  measurements  have  indicated  that  the  resonator 
unloaded  Q  may  be  19%  lower  than  the  calculated  values  shown 
in  Table  3-3.  However,  the  unloaded  Q  of  the  ATC  chip 
capacitors  may  well  be  higher  than  the  vendors  data,  thus 
offsetting  the  effect  of  the  lower  resonator  Q. 


3.4  RESONATOR  COMMENTS 

.  The  volume  of  the  quarter  wave  resonator  is  377  cubic 

inches.  The  outer  conductor  extends  three  inches  past  the 
inner  conductor  to  eliminate  detuning  effects  caused  by 
nearby  objects.  This  volume  is  49%  more  than  that  of  the 
helical  resonator.  However,  this  design  is  extremely  cost 
effective  for  a  feasibility  model  type  of  program 
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Itie  design  of  the  shunt  capacitive  bus  is  eased  by  the  lower 
characteristic  impedance  of  the  quarter  wave  resonator 

The  only  advantage  offered  by  the  helical  resonator  is  that 
of  reduced  volume 

The  data  presented  in  Table  3-3  shows  that  the  resonator 
design  is  on  firm  ground. 
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SECTION  4 


PIN  DIODE  EVALUATION  AND  BIAS  CIRCUIT  DESIGN 

4.1  INTRODUCTION 

The  FHMUX  Design  Assessment  Final  Report  describes  how  bandpass 
filters  can  be  instantaneously  tuned  by  the  use  of  a  shunt  binary  bus. 
This  report  also  describes  the  nature  of  the  bus  and  how  PIN  Diodes 
are  used  to  switch  tuning  capacitors  in  or  out  of  the  parallel 
resonant  circuit.  An  updated  PIN  Diode  specification  is  also 
presented.  This  specification  is  shown  in  Table  4-1.  It  is  necessary 
that  the  FHMUX  be  compatible  with  fixed  channel  (non  frequency 
hopping)  transmitters  similar  to  radio  nets  operating  with  VRC-12 
equipments.  This  means  that  the  PIN  Diode  and  its  associated  bias 
circuits  must  be  capable  of  operating  at  a  100%  duty  cycle.  Thus  a 
stud  or  flange  mounted  device  will  be  needed. 

One  of  the  goals  of  this  feasibility  study  is  to  select  the  best 
available  PIN  Diode  for  use  in  the  FHMUX  feasibility  model,  and  also 
to  determine  whether  a  formal  PIN  Diode  development  program  is  needed. 

this  section  shows  that  the  PIN  Diode  problem  is  not  as  severe  as 
once  thought,  but  that  some  development  work  is  needed. 

4.2  PIN  DIODE  TEST  CIRCUIT 

When  the  specification  shown  in  Table  4-1  was  reviewed,  several 
PIN  Diode  vendors  described  the  difficulty  encountered  in  measuring 
the  very  low  "on"  impedance,  and  high  "off"  impedances  specified. 

Also,  no  common  test  method  seemed  to  exist  between  vendors.  The 
following  procedure  was  adopted: 

.  PIN  Diode  samples  would  be  evaluated  in  a  common  GTE  test 
fixture  which  would  enable  direct  performance  comparison 

.  Evaluation  would  begin  when  a  sufficient  number  of  different 
diodes  was  available,  and  be  completed  without  interruption. 
This  would  prevent  unwanted  test  fixture  variations  from 
occurr ing 
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Samples  were  requested  from  many  vendors.  Diodes  from 
Alpha,  Microwave  Associates,  and  Unitrode  were  evaluated 


This  should  be  a  continuing  activity,  but  time  and  funding 
constraints  have  limited  the  evaluation  to  4  different  PIN 
Diodes . 


TABLE  4-1.  PIN  DIODE  SPECIFICATION 


.  Frequency 

30-88  MHz 

.  Input  RF  Power 

100  watts,  C.W. 

.  Tanperature 

-55  to  +  85  (Est.) 

.  IMD  Products 

-120  dBc  Max. 

.  Harmonic  Distortion 

-120  dBc  Max. 

.  Si  ze 

N/A 

.  Forward  Current 

200  ma 

.  Duty  Cycle 

100%,  both  RF  and  dc  bias 

.  Reverse  Voltage 

TBD 

.  Parallel  Resistance 

1  Megohm  (min.) 

.  Power  Dissipation 

TBD 

.  Series  Resistance 

O.I  ohms  Max. 

.  Diode  Capacitance 

2  pF 

.  Effective  Minority  Carrier 

TDB 

Li  fetime 

.  Switching  Speed 

10-20  Microseconds 

.  "Hot"  Switching  Is  Not  Required 

Ihe  PIN  Diode  test  circuit  is  shown  in  Figure  4-1.  The  diode 
under  test  is  soldered  into  a  removeable  section  which  is  held  in 
place  at  the  high  impedance  point  (open  circuit  end)  of  the  resonator 
by  beryllium  copper  finger  stock. 

The  value  of  bias  choke  LI  was  measured  at  60  MHz  and  then 
verified  by  calculation.  At  60  MHz  this  choke  is  actually  operating 
close  to  parallel  resonance,  and  provides  a  high  capacitive  reactance 
above  60  MHz.  The  "effective"  value  of  LI  Is  0.075  pF,  and  its 
unloaded  Q  is  about  172.  The  Q  of  bypass  capacitor  C2  is  unimportant 
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because  it  is  not  part  of  the  resonant  circuit.  Capacitors  Cl  and  C3 
are  ATC  lOOB  styles;  their  unloaded  Q' s  have  been  extrapolated  from 
ATC  data  sheets  and  found  to  be  close  to  1300. 

When  the  test  diode  is  in  the  "on"  state.  Cl  is  in  series  with 
the  diode,  and  these  two  components  are  then  in  parallel  with  C3. 

When  the  diode  is  in  the  "off"  state,  the  high  impedance  of  the  diode 
effectively  isolates  Cl  from  C3. 

4.3  PIN  DIODE  TEST  DATA 

Baseline  data  was  taken  with  chip  capacitors  alone,  thus 
providing  a  comparison  of  data  with  and  without  the  PIN  Diode  (and 
bias  circuit)  .  Bie  complete  data  set  is  shown  in  Table  4-2. 

The  baseline  data  shown  in  Table  4-2  simulates  diode  "on"  and 
"off"  performance.  The  "off"  condition  is  obtained  with  a  single 
18  pF  chip  capacitor,  and  the  "on"  condition  uses  two  18  pF 
capacitors.  Thus  the  resonant  frequency  for  the  "on"  state  is  lower 
than  that  of  the  "off"  state.  The  baseline  insertion  loss  in  the 
simulated  "on"  state  is  -1.6  dB,  and  in  the  simulated  "off"  state  is 
-1.22  dB.  The  Increased  insertion  loss  in  the  simulated  "on"  state  is 
accompanied  by  a  higher  loaded  Q.  This  is  attributed  to  the  variation 
in  Input/output  coupling  which  w.- j  discussed  in  the  previous  section. 

Comments  regarding  the  various  PIN  Diodes  measured  are  listed 
below : 

.  The  added  attenuation  due  to  the  diode  and  its  bias  circuit 
varied  from  0.29  to  0.68  dB 

.  The  best  diode  (and  also  the  most  costly)  was  the  Microwave 
Associates  MA4P506-30,  but  the  Unitrode  UM6201  ran  a  very 
close  second,  and  is  considerably  less  expensive 

.  These  data  were  obtained  at  an  input  level  of  -I-IO  dBm 

.  Loaded  Q  is  only  slightly  affected  by  addition  of  the  PIN 
Diode 

.  Early  calculations  show  that  the  bias  choke  accounts  for 
between  0.15  and  0.2  dB  of  insertion  loss  all  by  itself 
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TABLE  4-2.  PIN  DIODE  EVALUATION  DATA 


.  Vendor  data  sheets  for  the  pin  Diodes  evaluated  are  given  in 
Appendix  A. 

4.4  CALCULATION  OF  DIODE  PARAMETERS 

In  the  "on”  state,  the  PIN  diode  can  be  modeled  as  a  small 
valued,  pure  resistor.  In  the  "off"  state,  the  model  is  that  of  a 
large  resistor  in  parallel  with  a  small  capacitor.  Since  all  other 
circuit  element  values  are  known,  the  actual  diode  parameters  can  be 
calculated.  The  results  of  these  calculations  are  given  in  Table  4-3. 


TABLE  4-3.  PIN  DIODE  PARAMETERS  AS  CALCULATED  FROM  MEASURED  DATA 


DIODE  TYPE 

Rs 

(ohms) 

Cp 

(PF) 

Rp 

(ohms) 

MA4P506-30 

0.086 

1.0 

2.57  Meg 

UM7201 

0.0894 

2.  55 

382K 

UM6201 

0.110 

1.06 

678K 

Alpha  CSB7201-0  3 

0.186 

1.04 

192K 

(2)  UM6201  in 
parallel 

0.0813 

2.33 

362K 

Comments  on  Table  4-3  are: 

.  Tbe  MA4P506-30  meets  the  PIN  Diode  specification  at  low 
power  and  the  UM6201  comes  very  close 

.  This  data  is  very  encouraging 

.  The  data  is  believed  to  be  accurate.  An  earlier  section  of 
this  report  describes  how  the  unloaded  Q  of  the  resonator 
was  measured  and  found  to  be  about  19%  lower  than  the 
calculated  value.  Ibe  value  of  unloaded  Q  used  herein  was 
15%  lower  than  the  calculated  value.  In  addition,  the 
remaining  component  Q's  were  either  extrapolated  from  vendor 
sheets  or  measured 

L 
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The  values  of  series  "on”  resistance  (Rs)  were  generally 
lower  than  vendor  data.  The  "off"  state  shunt  capacity  (Cp) 
data  was  very  close  to  vendor  data.  Ttie  parallel  resistance 
data  (Rp)  correlation  with  vendor  data  was  good 

Future  d'ode  evaluation  should  be  performed  at  much  higher 
power  levels,  using  the  existing  test  bed.  The  MA4P506-30, 
and  the  UM6201  diodes  should  be  baseline  types  for  this 
effort 

The  unloaded  Q  of  the  bias  choke  is  a  loss  factor  in  the 
circuit.  The  bias  choke  used  herein  should  be  improved. 

The  calculation  of  the  diode  parameters  shown  in  Table  4-3 
takes  the  bias  choke  parameters  into  account. 
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SECTION  5 

SHUNT  CAPACITIVE  BUS  DESIGN 


5.1  INTRODUCTION 

The  FHMUX  Design  Assessment  Final  report  defined  a  shunt 
capacitance  bus  which  enabled  frequency  hopping  operation  of  a  high  Q 
bandpass  filter.  A  schematic  diagram  of  this  capacitive  bus  is  shown 
in  Figure  5-1. 

This  section  describes  the  design  activities  which  lead  to  the 
successful  implementation  of  an  8  bit  capacitive  bus.  The  topics  of 
interest  are: 

.  Tuning  range 

.  Design  of  coarse  and  fine  tuning  sections 

.  Test  data 

.  Discussion  of  problem  areas 

5.2  TUNING  RANGE 

The  shunt  capacitive  bus  shown  in  Figure  5-1  has  several  problem 
areas.  Analysis  shows  that  the  pin  Diode  specification  parameters 
would  work  reasonably  well  as  far  as  insertion  loss  was  concerned. 
However,  the  smaller  value  capacitors  would  be  difficult  to  implement, 
and  the  "on/off"  capacitance  ratio  is  at  best,  poor.  As  shown,  the 
smallest  value  of  capacitance  is  0.1  pF,  and  the  "on/off"  ratio  of 
this  branch  is  about  1.0/0. 9.  This  would  necessitate  the  use  of  many 
of  these  sections. 

The  work  of  Karp  and  W.  Weir,  "Recent  Advances  in  Binary 
programmed  Electronically  Tuneable  Bandpass  Filters  of  the  'Flauto 
Type,'"  IEEE  Microwave  Symposium  1975,  pp.  167-169,  describes  a 
technique  whereby  the  effectiveness  of  a  tuning  capacitor  in  a  high  Q 
resonator  could  be  varied  by  changing  the  location  of  its  connection 
to  the  resonator  center  conductor. 

This  work  suggests  that  the  effectiveness  of  the  tuning  capacitor 
2 

is  a  function  of  sin  9  where  9  is  the  electrical  length  between  the 
capacitor  tap  point  and  the  shorted  end  of  the  resonator. 
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Schematic,  50-88  MHz  Frequency  Hoppable  Bandpass  Filter 


To  verify  this  relationship,  a  slideable  shunt  capacitor  test 
fixture  was  used  with  various  values  of  ATC  lOOB  chip  capacitors.  The 
stray  capacitance  of  this  fixture  was  experimentally  determined  to 
0.46  pF,  and  this  value  was  added  to  the  measured  value  of  the  chip 
cap  itself.  Six  different  values  of  capacitance  were  placed  at  five 
different  locations  along  the  resonator  center  conductor  and  changes 
in  the  filter  resonant  frequency  were  noted.  By  knowing  the  resonant 
frequency,  the  "effective  capacity"  can  be  calculated. 

At  resonance,  c  =  — ^ 

0)  L 

Where  L  =  — 

(ji 
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Inner  conductor  short  and  the  resulting  effective  capacitance  is  shown 
in  Figures  5-~2  and  5-3. 

.  In  general,  a  linear  relationship  exists  between  the 
distance  from  the  short,  and  the  "effective  capacity" 

.  As  the  capacitor  is  moved  toward  the  short,  its 
effectiveness  is  lowered. 

An  exact  analysis  of  this  data  is  not  straightforward. 

2 

.  The  "effective”  capacity  varies  about  as  sin  P,  but  the 
value  of  e  changes  with  frequency 

.  The  inductive  reactance  varies  as: 
tangent  (90  ^/fo) 

.  Ihe  resonant  frequency  varies  as  the  half  power  of  the  LC 
product. 

As  discussed  earlier,  the  original  bus  design  suffered  from  a 
poor  capacitive  "on/off"  ratio  with  the  smaller  values  of  capacitance. 
This  latest  data  shows  that  larger  values  of  capacity  can  be  made  to 
appear  as  smaller  values,  and  still  maintain  a  good  "on/off" 
capacitance  ratio.  This  technique  leads  to  the  design  of  a  secondary, 
separate  section  of  the  capacitive  bus,  which  provides  a  medium  and 
fine  tuning  capability. 

5.3  DESIGN  OF  COARSE  AND  MEDIUM  RANGE  TUNING  SECTIONS 

The  tuneable  frequency  range  of  this  model  was  set  to  be  56-88 
MHz,  and  the  self  resonant  frequency  of  the  quarter  wave  resonator  is 
108.166  MHz.  The  characteristic  impedance  of  the  resonator  is  75.45 
ohms.  Thus,  equation  1  can  be  used  to  determine  the  value  of  capacity 
needed  to  resonate  the  bandpass  filter  at  any  frequency  in  the  design 
bandwidth.  Ihis  data  is  listed  in  Table  5-1. 


EFFECTIVE  C  (pF) 


TABLE  5-1.  REQUIRED  CAPACITANCE  VS.  DESIRED  RESONANT  FREQUENCY 


DESIRED  RESONANT 

FREQUENCY 

(MHZ) 

REQUIRED 

CAPACITANCE 

(PP) 

55 

37.3 

60 

29.6 

65 

23.  5 

70 

18.6 

75 

14.7 

80 

11.4 

85 

8.68 

88 

7.23 

90 

6.33 

The  range  of  capacity  needed  to  tune  from  55-88  MHz  is  thus  shown 
to  be  37. 3  to  7.23  pF. 

A  schematic  diagram  of  the  final  version  of  the  switched  binary 
capacitive  bus  is  shown  in  Figure  5-4  and  the  mechanical  configuration 
is  shown  in  Figures  5-5  and  5-6.  Figures  5-5  and  5-6  show  how 
beryllium  copper  finger  stock  was  used  to  form  low  resistance, 
moveable  RF  assemblies  which,  with  the  flexible  resonator  design, 
enabled  design  evaluations  and  changes  to  be  performed  in  a  timely 
manner . 

A  preliminary  4  bit  coarse  tuning  bus  was  designed  using  18.7, 

10,  5.6,  and  2.7  pF  capacitors.  This  bus  was  attached  to  the  open  end 
of  the  center  conductor  as  shown  in  Figures  5-4  and  5-6.  It  was 
quickly  discovered  that  about  3  pF  of  stray  capacity  was  present. 

Thus,  the  design  was  changed  to  the  values  shown  in  Figure  5-4.  The 
PIN  diode  bias  scheme  used  for  this  coarse  tuning  bus  is  the  same  as 
that  used  in  the  PIN  diode  evaluation  study. 
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4  BIT  COARSE  REMOVEABLE 

TUNING  SECTION  PIN  DIODE 


Mechanical  Configuration,  4  Bit  Coarse  Tuning  Section 


The  design  of  the  medium  range  tuning  section  is  not  as 
straightforward  as  that  of  the  coarse  tuning  section. 

The  PIN  diode  biasing  scheme  used  in  the  coarse  tuning  section 
works  well  because  the  value  of  the  tuning  capacitors  is  large  enough 
to  present  a  low  impedance  compared  to  the  inductive  reactance  of  the 
bias  choke  (LI  through  L4)  .  When  small  values  of  capacity  are  used, 
such  as  0.9  pF  or  so,  the  impedance  of  the  bias  chokes  is  not  high 
enough,  and  the  circuit  becomes  lossy.  The  bias  circuit  shown  (for 
CR5-CR12)  is  well  suited  for  this  purpose,  but  does  not  function  well 
for  the  coarse  tuning  case. 

Two  additional  factors  complicate  the  design  of  this  bus: 

.  The  bus  itself  will  be  located  at  a  lower  impedance  point 
along  the  resonator  center  conductor 

.  The  desired  value  of  capacitance  "change",  i.e.,  the  on/off 
ratio  becomes  more  critical  with  the  small  values  of 
capacitance  used. 

Points  A,  B,  and  C  shown  in  Figure  5-3  form  a  locus  of  points 
where  the  effective  capacity  approximates  50%  of  the  actual  capacity 
value.  The  average  distance  from  the  short  circuit  for  this  locus  is 
about  16  inches,  and  this  distance  was  selected  for  the  location  of 
the  medium  range  tuning  section. 

The  values  selected  for  C5,  C6,  C7,  and  C8  were  selected  to 
provide  the  proper  capacitance  change,  rather  than  a  certain  on/off 
-rapacitance  ratio.  The  bias  circuit  used  for  these  capacitors  places 
the  diode  "off"  capacitances  in  parallel.  This  parallel  combination 
is  then  in  series  with  the  actual  tuning  capacitor. 

Before  construction  of  the  complete  8  bit  bus,  a  preliminary  3 
bit  bus  was  evaluated.  The  bias  circuit  was  the  same  as  used  with 
CRl,  CR2,  and  CR3  of  Figure  5-4. 
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The  values  of  capacity  were  carefully  measured  after  the 
capacitors  were  mounted  on  the  circuit  board,  and  are  listed  below: 

Cl  »  18.70  pF 
C2  -  10.04  pF 
C3  »  5.84  pF 

Data  was  taken  using  the  MA4P506-30  diodes.  Three  sets  of  data 
were  taken  as  noted  below  in  Table  5-2. 

TABLE  5-2.  DATA  SETS 


DIGITAL  BIT 

CAPACITORS 

IN  CIRCUIT 

DIODE  STATES 

001 

C3 

CRl 

Off 

CR2 

Off 

CR3 

On 

Oil 

C2, 

C3 

CRl 

Off 

CR2 

On 

CR3 

On 

111 

Cl, 

C2,  C3 

All 

Diodes  On 

In  addition,  each  of  the  data  sets  listed  in  Table  5-2  were 
divided  into  3  subsets: 

.  Tuning  capacitor  with  RF  short  circuit  simulating  the  PIN 
Diode  in  the  "on"  state 

.  Tuning  capacitor  with  RF  short,  plus  bias  choke 

.  Tuning  capacitor  with  bias  choke  and  PIN  Diode  in  ON  state 

.  Where  a  "zero"  bit  is  called  for,  the  PIN  Diode  "off"  state 
is  simulated  by  an  open  circuit. 

Ibis  data  is  listed  in  Table  5-3. 


l 
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The  data  presented  in  Table  5-3  was  taken  with  great  care,  but 
the  results  obtained  do  not  yield  straightforward  results. 

.  The  Oil  case  shows  a  decrease  in  loss  and  an  increase  in 
loaded  Q.  Probably  the  bias  circuit  is  close  to  self 
resonance  at  this  frequency,  and  is  thus  isolated  from  the 
rest  of  the  circuit 

.  When  the  PIN  Diodes  were  turned  on,  the  loaded  Q  was  only 
slightly  affecced 

.  For  the  001  case,  the  insertion  loss  increased  by  about 

0.4  dB  with  the  bias  choke  and  the  PIN  Diode  in  the  circuit 
(only  1  diode  on) 

.  For  the  111  case,  the  insertion  loss  increased  by  about 
.66  dB  when  all  3  bias  chokes  and  PIN  Diodes  were  used 

.  Thus  at  least  for  the  coarse  tuning  section,  an  increase  of 
0.22  dB  might  be  expected  for  each  energized  PIN  Diode 
circuit . 

With  the  above  data  as  a  baseline,  the  complete  8  bit  bus  was 
assembled  and  tested.  The  first  set  of  data  indicated  that  the 
resonator  tap  should  be  lowered  to  improve  the  loaded  Q  at  the  high 
end  of  the  band.  Therefore,  the  8  bit  bus  data  is  not  traceable  to 
the  3  bit  bus  data.  The  8  bit  bus  data  is  shown  in  Table  5-4. 
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TABLE  5-4.  PERFORMANCE  DATA,  BREADBOARD  8  BIT  CAPACITIVE  BUS 


RESONANT 

FREQUENCY 

(MHz) 

DIGITAL 

CODE 

INSERTION 

LOSS 

(<SB) 

LOADED 

(Q) 

56.000 

1 

1 

1 

0 

1 

1 

1 

1 

-1.91 

82.2 

58.000 

1 

1 

0 

1 

0 

□ 

1 

1 

-2.0 

77.23 

60.000 

1 

0 

1 

1 

1 

1 

1 

0 

-1.62 

75.59 

62.000 

1 

0 

1 

0 

0 

1 

0 

1 

-1.61 

73.64 

64.000 

1 

0 

0 

1 

0 

0 

0 

1 

-1.61 

72.24 

66.000 

1 

0 

0 

0 

0 

0 

0 

0 

-1.87 

65.3918 

68.000 

0 

1 

1 

0 

1 

1 

1 

1 

-1.43 

62.79 

70.000 

0 

1 

1 

0 

0 

0 

0 

0 

-1.32 

66.244 

72.000 

1 

0 

1 

0 

1 

0 

0 

1 

1 

-1.21 

63.77 

74.000 

0 

1 

0 

0 

0 

1 

1 

1 

-1.07 

59.99 

76.000 

0 

0 

1 

1 

1 

1 

1 

0 

-0.832 

58.31 

78.000 

0 

0 

1 

1 

0 

0 

1 

0 

-0.845 

57.50 

80.000 

0 

0 

1 

0 

1 

0 

0 

1 

-0.677 

54.07 

82.000 

0 

0 

1 

0 

0 

0 

0 

0 

-0.744 

51.87 

84.000 

0 

0 

0 

1 

1 

0 

0 

1 

-0.736 

47.22 

86.000 

0 

0 

0 

1 

0 

0 

0 

1 

-0.630 

47.64 

88.000 

0 

0 

0 

0 

1 

0 

1 

0 

-0.410 

44.25 

91.4023 

0 

0 

0 

0 

0 

0 

0 

0 

-0.421 

43.31 

Comments  on  the  8  bit  data  are: 

.  The  bus  was  successfully  tuned  from  56-88  MHz,  and  the 
resonant  frequency  with  all  diodes  "off"  was  91.4  MHz 

.  The  bus  used  MA4P506-30  diodes  in  the  coarse  tuning 

section,  and  the  UN6201  diodes  in  the  medium  tuning  section 
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.  The  loaded  Q  varied  from  82.2  at  56  MHz^  to  44.25  at  88  MHz. 
The  design  goal  was  for  a  minimum  loaded  Q  of  50.  This  goal 
could  be  met  by  raising  the  tap  point,  but  then  the 
insertion  loss  would  also  increase 

.  The  insertion  loss  varied  from  >1.91  dB  at  56  MHz  to  >0.41 
dB  at  88  MHz.  Again,  this  variance  in  attenuation  is 
largely  due  to  the  change  in  coupling  effectiveness  into  and 
out  of  the  resonator  as  the  frequency  varied 

.  The  feasibility  of  the  capacitive  bus  concept  was  proven. 

The  tuning  range  and  loaded  Q  were  satisfactory.  Insertion 
loss  problem  areas  had  been  identified  as: 

.  The  PIN  Diode 
.  The  bias  choke 
.  Variations  in  coupling 

It  is  to  be  noted  that  GT£  has  been  assigned  United  States  Patent 
4,095,198.  This  patent  describes  an  impedance  matching  network  which 
uses  a  shunt  binary  controlled  capacitive  bus.  The  patent  is  dated 
June  13,  1978,  and  was  developed  by  Thomas  J.  Kirby. 

5.4  DISCUSSION  OF  PROBLEM  AREAS 

.  The  design  goal  for  the  insertion  loss  of  the  resonator  and 
bus  is  0.5  dB.  Some  of  the  causes  of  the  increased  loss  have 
been  previously  listed 

.  It  was  noted  that  the  bus  could  not  be  tuned  to  any  desired 
frequency.  For  example,  71.275  MHz  would  be  desired,  but 
the  bus  could  only  tune  within  50  KHz  of  this  frequency.  A 
10  bit  bus  is  probably  needed 

.  The  tolerances  on  the  tuning  capacitors  (Cl  to  C8)  have  to 
be  very  tight.  Some  form  of  high  voltage,  high  Q  trimmer 
capacitor  is  probably  needed. 
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SECTION  6 


SYSTEM  TESTS 


6.1  INTRODUCTION 

Having  completed  the  breadboard  design  of  the  resonator  and  the 
switched  capacitive  bus#  the  complete  PHMUX  feasibility  model  was 
built  and  successfully  tested.  A  block  diagram  of  the  model  is  shown 
in  Figure  6-1,  and  a  photograph  is  shown  in  Figure  6-2. 

No  attempt  was  made  to  reduce  the  size  of  this  model  as  the 
chassis  was  deliberately  made  large  to  provide  great  flexibility  and 
ease  of  modification. 

The  theory  of  operation  of  the  FHMUX  and  its  load  insensitivity 
features  have  been  derived  and  explained  in  the  FHMUX  Design 
Assessment  Final  Report  and  will  not  be  repeated  herein. 

As  shown  in  Figure  6-2,  the  4  shunt  capacitive  busses  are 
manually  controlled  by  the  four  arrays  of  switches  on  the  front  of  the 
unit.  The  quadrature  hybrid  couplers  are  mounted  inside  the  unit 
along  with  the  PIN  Diode  current  limiting  resistors.  The 
interconnections  between  the  quad-hybrid  couplers  and  the  resonators 
are  made  with  matched  lengths  of  coaxial  cables. 

It  has  been  noted  that  the  Microwave  Associates  4P506-30  PIN 
Diode  was  the  best  of  the  diodes  evaluated,  and  that  the  Unitrode 
UM6201  ran  a  close  second.  The  4P506-30  diodes  cost  about  $31  a 
piece,  and  48  devices  were  needed.  However  a  cache  of  unitrode  UM6201 
diodes  was  discovered  in-house,  so  the  feasibility  model  was  built 
using  these  diodes. 

The  theory  developed  in  the  Design  Assessment  Phase  was  verified; 
no  real  surprises  were  encountered.  However,  the  insertion  loss  of 
the  30-90  MHz  quad-hybrid  couplers  was  much  higher  than  expected,  and 
one  of  the  units  was  returned  to  the  vendor  for  evaluation.  The 
vendor  has  since  verified  that  this  unit  is  indeed  defective. 
Therefore,  some  system  data  was  taken  with  lower  loss  30-76  MHz 
quad-couplers  to  give  more  realistic  data. 


R1  =  R2  =  R3  ®  50  OHMS  9730-82 


Figure  6-1.  Block  Diagram,  FHMUX  Feasibility  Model 
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Figure  6-2.  FHMUX  Feasibility  Model 
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The  following  system  tests  were  performed: 

.  Loss  Analysis  of  Quad-Hybrid  Couplers 

.  Load  Pulling 

.  Channel  isolation 

.  IMD  &  Harmonic  Isolation  Observations. 

6.2  LOSS  ANALYSIS  OF  QUAD-HYBRID  COUPLERS 

Initial  baseline  testing  of  the  feasibility  model  showed  that  the 
insertion  loss  of  both  channels  was  higher  than  expected.  Further 
investigation  revealed  that  the  insertion  loss  of  the  Merrimac 
QHF-3-.060G  quad-hybrid  couplers  was  higher  than  expected.  A  test 
fixture  using  a  spare  unit  was  constructed,  and  is  shotm  in  Figure 
6-3,  along  with  a  simlliar  test  fixture  which  uses  a  more  narrow  band 
quad  coupler,  the  QHF-2-. 053GC.  The  larger  unit  is  a  30-90  MHz 
device,  and  has  extra  coupling  sections  to  increase  the  bandwidth. 

The  smaller  unit  covers  a  30-76  MHz  bandwidth. 

Swept  insertion  loss  data  was  taken  using  a  Hewlett  Packard  8505A 
Network  Analyzer,  and  then  this  data  was  spot  checked  with  single 
frequency  equipment.  The  results  were  the  same. 

The  insertion  loss  of  the  quad  couplers,  as  defined  by  the 
vendor,  is  measured  at  the  frequency  where  each  arm  of  the  coupler  has 
identical  losses.  The  insertion  loss  of  the  30-90  MHz  coupler  is 
specified  at  -0.3  dB.  Loss  data  for  the  two  couplers  mentioned  is 
shown  in  Figure  6-4.  The  30-76  MHz  device  data  (part  B  of  Figure  6-4) 
shows  an  equal  power  split  between  the  two  arms  at  72.3  MHz,  and  the 
loss  in  each  arm  is  -3.23  dB.  Thus  the  insertion  loss  is  -0.23  dB. 
Part  C  of  Figure  6-4  shows  that  an  equal  power  split  for  the  large, 
30-90  MHz  coupler  occurs  at  about  69.8  MHz,  and  that  the  loss  per  arm 
is  -3.83  dB.  The  data  taken  for  part  C  includes  a  cable  which  has  an 
insertion  loss  of  -0.1  dB.  Thus,  the  loss  per  arm  is  -3.73  dB,  and 
the  Insertion  loss  is  -0.73  dB,  or  about  0.43  dB  higher  than  the  30-76 
MHz  device. 

The  wideband  30-90  MHz  coupler  shows  excellent  amplitude  balance 
compared  to  the  narrow  band  30-76  MHz  units. 
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Figure  6-3.  Quad-Hybrid  Coupler  Test  Fixtures 


(a)  SCHEMATIC, 
QUAD-HYBRID 
COUPLER 


(b)  LOSS  DATA, 

•  PATH  1-3,  AND 
PATH  1-2. 

•  1  dB/DIVISION 

•  LOSS  AT  72  MHz 
IS  -3.23  dB. 

•  30-76  MHz 
COUPLER 


(c)  LOSS  DATA, 

•  PATH  1-3,  AND 
PATH  1-2. 

•  1  dB/DIVISION 

•  LOSS  AT  70  MHz 
IS  -3.83  dB. 

•  30-90  MHz 
COUPLER 


973542 


Loss  Data 
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As  noted,  the  vendor  has  recently  confirmed  this  high  insertion 
loss.  It  was  decided  to  use  the  narrow  band,  low  loss  units  for  the 
load  pulling  tests,  and  to  use  units  of  each  style  for  the  channel 
isolation  test,  in  order  to  get  data  at  88  MHz. 

6.3  LOAD  PULLING  TESTS 
6.3.1  Introduction 

The  FHMUX  Design  Assessment  Final  Report  proved  mathematically 
that  the  RF  architecture  of  the  FHMUX  would  be  insensitive  to  antenna 
impedance  variations.  Ihe  proof  assumed  that  the  quadrature  hybrid 
couplers  were  ideal,  and  that  the  two  bandpass  filters  were 
identically  tuned  so  that  their  reflection  coefficients  were  equal. 
This  section  describes  the  load  pulling  tests  performed,  and  the 
successful  results  obtained. 


6.3.2  Load  Pulling  Test  Setup  And  Procedure 

Figure  6-5  shows  the  test  setup  used  for  the  load  pulling  tests. 
The  load  VSWR  was  set  up  by  connecting  the  reference  plane  of  the  load 
pulling  circuit  to  Port  1  of  the  network  analyzer.  The  desired  load 
impedance  was  obtained  by  adjusting  the  bias  voltage  for  the  correct 
VSWR,  and  then  rotating  this  VSWR  to  the  desired  phase  angle  by 
varying  the  variable  reactive  load  components  which  are  connected  to 
Port  4  of  the  quadcoupler.  The  reference  plane  and  the  load  pulling 
circuit  were  then  connected  to  the  output  port  of  Channel  1  of  the 
FHMUX. 

The  RF  output  of  Channel  1  of  the  FHMUX  was  sampled  by  the 
directional  coupler  and  routed  to  Port  2  of  the  network  analyzer. 

The  antenna  intended  for  use  with  the  FHMUX  is  specified  as 
having  a  3.0:1  VSWR.  The  load  pulling  tests  were  performed  with  a  4:1 
VSWR  at  various  phase  angles  to  provide  a  more  rigorous  test. 


VOLTAGE 


Figure  6-5.  Load  Pulling  Test  Setup 


Two  sets  of  data  were  taken: 

.  Baseline  data  was  taken  using  a  resonator  and  shunt 

capacitive  bus  with  no  quad-couplers.  This  data  shows  what 
can  happen  to  a  narrow  band,  high  Q  filter  if  VSWR  isolating 
techniques  are  not  available 

.  The  second  set  of  data  was  taken  with  the  complete  Channel  1 
FHMUX 

.  Each  data  set  was  taken  at  VSWR  phase  angles  (set  at  the 
reference  plane)  of  0°,  +/-45^ ,  +/-90°,  +/-135°/  and  180° 

Figure  6-6  will  serve  as  an  introductory  piece  of  data.  All  data 
shown  is  displayed  at  2  dB  per  division.  Both  amplitude  (insertion 
loss)  and  impedances  are  displayed.  Figure  6-6  shows  only  one  set  of 
data  per  photograph,  namely  input  impedance  and  insertion  loss.  Each 
of  the  remaining  photographs  show  the  following: 

.  Input  impedance  (circle) 

.  Load  ii-.pedance  (small  arc) 

.  Insertion  loss  with  4:1  VSWR 

Figure  6-6  (a)  shows  how  rapidly  the  resonator  input  impedance 
changes  over  the  relatively  narrow  bandwidth  of  52-58  MHz.  Figure  6-6 
(b)  shows  how  well  the  quad  coupler  action  improves  the  broad  band 
input  VSWR  properties  of  the  FHMUX. 

The  load  pulling  data  is  shown  in  Figures  6-7,  6-8,  6-9,  and 
6-10.  The  amplitude  traces  often  change  considerably  when  the  4:1 
load  is  applied.  When  the  amplitude  trace  shows  a  decrease  in 
insertion  loss  as  a  result  of  applying  a  high  VSWR,  phas^  addition  of 
the  forward  and  reflected  waves  is  occurring.  When  the  amplitude 
trace  shows  an  increase  in  insertion  loss,  phase  cancellation  is 
occurring.  The  important  parameters  to  observe  when  the  4:1  VSWR  is 
applied  are: 

.  Changes  in  input  VSWR 

.  Pulling  of  the  filter  center  frequency  away  from  the  desired 

val  ue 

.  Deformation  of  the  shape  of  the  filter  skirts. 


RESONATOR  ALONE  - ►  ^ - FHMUX,  CHANNEL  1 


Figure  6-10.  Load  Pulling  Data;  VSWR  =  4.0:1,  0  =  +/-  135 


Figures  6-7  through  6-10  are  organized  as  noted: 


.  Data  with  the  resonator  alone  is  on  the  left  hand  side,  and 
data  with  the  FHMUX  is  on  the  right  hand  side 

.  Data  with  similiar  load  phase  angles  are  located  side  by 
side 

.  Thus  a  side  by  side  comparison  of  the  load-pulling  of  the 
resonator  alone,  and  the  FHMUX  is  possible. 

6.3.3  Comments,  Load  Pulling  Data 

.  The  left  hand  photographs  of  Figures  6-7  through  6-10  show 
that  the  high  Q  resonator  is  severely  affected  by  a  4:1 
VSWR.  Frequency  pulling  and  skirt  degradation  are  readily 
apparent 

.  The  right  hand  photographs  of  Figures  6.7  through  6.10  show 
that  the  high  Q  resonators  of  the  FHMUX  are  relatively 
unaffected  by  the  4:1  VSWR.  The  load  VSWR  is  passed  through 
the  system,  modified  by  the  losses,  and  seen  at  the  input 
port.  However,  since  there  is  no  multiple  reflection 
between  the  load  and  the  FHMUX  output  port,  there  is  little 
interaction  between  the  load  VSWR,  and  the  filters  are  not 
detuned 

.  This  data  is  considered  to  be  proof  that  the  mathematical 
derivation  of  the  Design  Assessment  is  correct,  and  the 
FHMUX  system  does  not  require  an  antenna  tuner 

6.4  CHANNEL  ISOLATION  AND  COMBINING  LOSS 

6.4.1  Combining  Losses 

The  FHMUX  Design  Assessment  Final  Report  derived  the  relationship 
between  the  off  channel  reflection  coefficient  of  the  band  pass 
filters  and  the  "combining  loss."  Figure  6-11  (a)  illustrates  this 
technique,  and  Figure  6-11  (b)  and  (c)  display  the  data. 
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BLOCK  DIAGRAM 


(b)  SEPARATE  INPUTS 

•  UPPER  TRACE;  SWEPT 
INPUT  INCIDENT  ON 
PORT  B. 

•  IdB/DIVISION. 

•  LOWER  TRACE;  SWEPT 
INPUT  INCIDENT  ON 
PORT  A. 

•  RIGHT  HAND  MARKER 
IS  AT  57.0  MHz  +6%. 


(c)  SEPARATE  INPUTS 

•  UPPER  TRACE;  SWEPT 
INPUT  INCIDENT  ON 
PORT  B. 

•  LOWER  TRACE;  SWEPT 
INPUT  INCIDENT  ON 
PORT  A. 

•  RIGHT  HAND  MARKER 
IS  AT  73.5  MHz  •»«%. 

•  2dB/DIVISION. 
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Figure  6-11.  Combining  Loss  Data 


Figure  6-11  (a)  is  a  simple  block  diagram  showing  a  single 
channel  of  the  feasibility  mode.  The  normal  RF  Input/output  path  is 
from  Port  A  to  Port  D.  A  second  channel  can  be  combined  and  routed 
to  Port  D  if  the  second  channel  signal  is  applied  to  Port  B. 

Figures  6-11  (b)  and  (c)  show  the  results  of  these  two  separate 
inputs  simultaneously.  The  upper  trace  shows  how  the  Port  B  input  is 
attenuated  at  the  center  frequency  of  the  filters  (57.0,  or  73.5  MHz) 
The  "normal"  port  A  to  Port  D  response  (lower  trace)  is  shown  merely 
as  a  reference.  Ibe  markers  at  the  right  hand  side  of  the  upper 
traces  are  positioned  -f5%  above  the  filter  center  frequency,  and  the 
insertion  loss  at  these  points  is  -0.64  and  -0.3  dB,  respectively. 
More  precise,  single  frequency  data  is  given  later,  but  these 
photographs  serve  to  clarify  the  combining  process. 

6.4.2  Channel  Isolation 

Figures  6-12  through  6-15  show  system  data  pertaining  to 
Insertion  loss,  and  channel  isolation.  The  channel  isolation  data  is 
given  in  two  parts;  with  a  50  ohm  "antenna"  load,  and  with  a  12.5  ohm 
(4:1  VSWR)  "  antenna"  load.  Also,  Figures  6-12  and  6-13  show  data 
taken  with  the  30-76  MHz  low  loss  quadrature  couplers,  and  Figures 
6-14  and  6-15  show  data  taken  with  the  higher  loss  30-90  MHz 
quad-couplers . 


6.4.3  Comments  Regarding  Systems  Data 

.  The  measured  combining  loss  with  the  30-76  MHz  quad  couplers 
is  -0.62  and  -0.69  dB  and  with  the  lossier  30-90  MHz 
couplers,  the  combining  loss  is  -1.7  and  -1.4  dB.  The 
insertion  loss  of  the  30-76  MHz  quad-couplers  was  measured 
separately,  and  is  close  to  -0.25  dB.  If  the  Channel  1 
filter  is  at  the  -14  dB  point  as  far  as  the  Channel  2 
signals  is  concerned,  the  total  "combining  loss  should  be: 
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Figure  6-12.  System  Data 


CHANNEL  1  TUNED  TO  73.50  MHz 
CHANNEL  2  TUNED  TO  70.00  MHz 
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Figure  6-13.  System  Data 
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LH2  :3lfl  ,  or 


R1  =  R2»  R3  =  50$2 


CHANNEL  1  TUNED  TO  87.4  MHz 
CHANNEL  2  TUNED  TO  83.2  MHz 


SIGNAL  FLOW 
PATH 


WITH  WIDE 
BAND,  LOSSY 
OUAD.  COUPLERS 


A  D 
E  H 
E  -►  D 
(E-D)-(E.H) 


FREQ. 

(MHz) 


CHANNEL  2  ON  LEFT 
CHANNEL  1  ON  RIGHT 
SEPARATE  INPUTS,  COMMON  PORT  D 
OUTPUT 


87.4 

-37.9 

-36.2 

83.2 

-28.8 

-23.5 

INTERMOO 

OBSERVATION 

NO  INTERMOD 
PRODUCTS 
SEENe 
— 80  dBc 


HARMONIC 

OBSERVATION 

NO  HARMONIC 
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SEEN@ 

-80  dBc 
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Figure  6-15.  System  Data 
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Thus,  there  is  about  .194  to  .264  dB  of  "excess"  loss  involved. 
This  excess  is  attributed  to  phase  and  amplitude  imbalance  (up  to  1 
dB)  of  the  30-76  MBz  quad  couplers,  as  shown  in  Figure  6-4  (b)  ,  and 
internal  losses  of  the  RF  connecting  cables  (measured  as  being  0.10  to 
0.15  dB) .  Thus,  the  measured  combining  losses  appear  to  be 
reasonable . 

The  Design  Assessment  Final  Report  proved  that  the  worst  case 
channel  isolation  should  be  -14  dB  for  the  recommended  final  system 
design  as  shown  on  Pages  69A  of  that  report.  This  would  give  a 
minimum  of  42  dB  of  attenuation  to  off  channel  signals  that  were  +/-5% 
off  frequency.  It  was  also  proved  that  this  worst  case  condition 
existed  when  a  high  antenna  VSWR  existed;  and  the  signal  path  was 
similiar  to  the  E  to  D  path  shown  in  Figure  6-12.  The  antenna 
specified  for  use  with  the  FHMUX  has  a  specified  maximum  VSWR  of  3:1. 
(Reflected  power  is  6  dB  below  incident  power)  .  The  channel  isolation 
tests  were  performed  with  a  50  ohm  load,  and  a  12.5  ohm  (4:1  VSWR) 
load.  A  4:1  VSWR  load  will  cause  the  reflected  power  to  be  4  dB 
below  the  incident  power,  so  this  is  a  more  rigorous  test  than 
required . 

The  data  shows  that  the  channel  isolation  of  the  A  to  E  path  is 
always  higher  than  the  E  to  A  path,  because  of  the  isolation  provided 
by  the  quadrature  couplers. 

The  E  to  A  isolation  is  affected  by  the  load  VSWR  as  predicted, 
but  always  is  greater  than  the  required  14  dB.  The  E  to  A  isolation 
is  predictable  within  a  dB  or  so,  as  shown  below.  The  data  is  taken 
from  Figure  6-13. 


Insertion  loss  E-D 
Return  loss,  4:1  VSWR 
Channel  1  Response 
at  -5%  of  fo 

(From  Photograph) 
Total 

-  Measured  Value 
"Error" 


-2.5  dB 
-4.5  dB 
-15.2  dB 


-22.2  dB 
-20.8  dB 
-1.4  dB 
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Observations  of  third  order  intermodulation  and  harmonic 
generation  were  made.  Two  signals  separated  in  frequency  by  5%>  were 
introduced  into  ports  A  and  E  respectively,  each  at  a  power  level  of 
-1-20  dBm.  The  measuring  system  sensitivity  limited  the  observation  of 
intermod  products  to  -85  dBc. 

No  intermod  products  were  observed.  Also,  no  harmonically 
related  signals  were  observed. 

6.4.4  Calibration  Data 

An  advanced  development  model  of  the  FHMUX  would  be  automatically 
calibrated  at  the  factory.  Each  bandpass  filter  would  be  individually 
tuned  for  PROM  control  of  the  PIN  Diodes  in  the  shunt  capacitive  bus. 

This  FHMUX  Feasibility  Model  is  manually  tuned  by  four  arrays  of 
single  pole  double  throw  (SPOT)  switches.  Figure  6-1  shows  a  block 
diagram  of  the  model,  and  denotes  the  two  channels  as  Channel  1  and 
Channel  2.  Figure  6-2  is  a  photograph  of  the  model.  Channel  1  is  the 
upper  unit,  and  Channel  2  is  the  lower  unit. 

Figure  6-2  shows  the  four  arrays  of  SPOT  switches  used  to  control 
the  unit.  These  switches  are  identified  as  shown  in  Figure  6-16.  The 
two  switches  on  the  right  hand  side  (S9  and  SIO)  are  not  used. 

Calibration  data  and  single  channel  insertion  loss  data  are  given 
in  Table  6-1  and  Table  6-2  for  Channel  1  and  Channel  2  respectively. 
All  data  was  taken  using  the  Merrimac  QHF-3-.060G  30  to  90  MHz  quad 
hybrid  couplers  (higher  loss  coupler)  . 

The  Channel  2  insertion  loss  (Table  6-2)  measured  at  85.000  MHz 
was  -3.95  dB,  about  1  dB  higher  than  other  nearby  data  points.  There 
is  no  circuit  malfunction  at  this  frequency.  This  high  insertion  loss 
value  is  attributed  to  the  inability  of  the  shunt  capacitive  busses  to 
exactly  tune  to  this  frequency,  and  points  out  the  need  for  capacitor 
trimming  and/or  a  9  or  10  bit  shunt  capacitive  bus. 


TABLE  6-1.  CHANNEL  I  CALIBRATION  AND  INSERTION  LOSS  DATA 


Frequency 

(MHz) 

Channel 
and  Row 

Switch 
12  3 

Settings 

4  5  6  7  8 

Insertion 
Loss  (dB) 

55.000 

lA 

1 

1 

1 

1 

0 

1 

0 

1 

-2.90 

IB 

1 

1 

1 

1 

1 

0 

1 

0 

57.500 

lA 

1 

1 

0 

1 

0 

1 

0 

0 

-2.80 

IB 

1 

1 

0 

1 

1 

0 

0 

0 

60.000 

lA 

1 

0 

1 

1 

0 

0 

1 

0 

-2.80 

IB 

1 

0 

1 

1 

1 

0 

0 

62.500 

lA 

1 

0 

0 

1 

1 

1 

0 

0 

-2.85 

IB 

1 

0 

0 

1 

1 

1 

1 

0 

65.000 

lA 

1 

0 

0 

0 

0 

1 

0 

-2.85 

IB 

1 

0 

0 

0 

0 

1 

1 

1 

67.500 

lA 

0 

1 

1 

0 

1 

1 

1 

0 

-2.85 

IB 

1 

1 

0 

1 

1 

1 

1 

70.000 

lA 

0 

1 

0 

1 

1 

1 

1 

0 

-2.95 

IB 

0 

1 

0 

1 

1 

1 

1 

72.500 

lA 

0 

1 

0 

0 

1 

1 

1 

1 

-3.00 

IB 

0 

1 

0 

0 

1 

1 

1 

1 

75.000 

lA 

0 

0 

1 

1 

1 

0 

1 

1 

-3.05 

IB 

0 

0 

1 

1 

1 

1 

0 

1 

77.500 

lA 

0 

0 

1 

0 

1 

1 

1 

0 

-3.25 

IB 

0 

0 

1 

1 

0 

0 

0 

0 

80.000 

lA 

0 

0 

1 

0 

0 

0 

1 

0 

-2.65 

IB 

0 

0 

1 

0 

0 

1 

0 

1 

82.500 

lA 

0 

0 

0 

1 

1 

0 

1 

0 

-2.85 

IB 

0 

0 

0 

1 

1 

0 

1 

1 

85.000 

lA 

0 

0 

0 

1 

0 

0 

0 

0 

-3.00 

IB 

0 

0 

0 

1 

0 

0 

y 

1 

87.500 

lA 

0 

0 

0 

0 

0 

1 

1 

1 

-2.65 

IB 

0 

0 

0 

0 

1 

0 

0 

1 

88.000 

lA 

0 

0 

0 

0 

0 

1 

1 

0 

-2.65 

IB 

0 

0 

0 

0 

1 

0 

0 

0 

90.000 

lA 

0 

0 

0 

0 

B 

0 

1 

-2.75 

IB 

0 

_0. 

_0_ 

_0. 

0 

0 

EIH^B 

NOTE:  Switch  up  1,  Switch  down  0 


TABLE  6-2.  CHANNEL  2  CALIBRATION  AND  INSERTION  LOSS  DATA 


Frequency 

(MHz) 

Channel 
and  Row 

Switch  Settings 
12345678 

Insertion 
Loss  (dB) 

55.000 

2A 

1 

1 

1 

1 

0 

1 

0 

0 

-2.90 

2B 

1 

1 

1 

1 

0 

0 

0 

1 

57.500 

2A 

1 

1 

0 

1 

0 

0 

1 

0 

-3.20 

2B 

1 

1 

0 

1 

0 

0 

0 

0 

60.000 

2A 

1 

0 

1 

1 

0 

0 

0 

1 

-2.85 

2B 

1 

0 

1 

1 

0 

0 

0 

1 

62.500 

2A 

1 

0 

0 

1 

1 

0 

1 

0 

-2.90 

2B 

1 

0 

0 

1 

1 

0 

0 

1 

65.000 

2A 

1 

0 

0 

0 

0 

1 

0 

1 

-3.00 

2B 

1 

0 

0 

B 

0 

1 

0 

1 

67.500 

2A 

0 

1 

1 

0 

1 

1 

1 

1 

-2.80 

2B 

1 

1 

0 

1 

1 

0 

0 

70.000 

2A 

0 

1 

0 

1 

1 

1 

1 

0 

-2.95 

2B 

0 

1 

0 

1 

1 

0 

0 

1 

72.500 

2A 

0 

1 

0 

0 

1 

1 

1 

0 

-3.20 

2B 

0 

1 

0 

0 

1 

0 

1 

1 

75.000 

2A 

0 

0 

1 

1 

1 

0 

1 

1 

-2.80 

2B 

0 

0 

1 

1 

1 

0 

1 

0 

77.500 

2A 

0 

0 

1 

0 

1 

1 

1 

1 

-2.70 

2B 

0 

0 

1 

0 

1 

1 

1 

1 

80.000 

2A 

0 

0 

1 

0 

0 

1 

0 

0 

-2.50 

2BB 

0 

0 

1 

0 

0 

1 

0 

0 

82.500 

2A 

0 

0 

0 

1 

1 

0 

0 

1 

-2.90 

2B 

0 

0 

0 

1 

1 

0 

0 

1 

85.000 

2A 

0 

0 

0 

1 

0 

0 

0 

0 

-3.95* 

2B 

0 

0 

0 

1 

0 

0 

0 

0 

87.500 

2A 

0 

0 

0 

0 

0 

1 

1 

1 

-2.65 

2B 

0 

0 

0 

0 

1 

0 

0 

0 

88.000 

2A 

0 

0 

0 

0 

0 

1 

1 

0 

-2.80 

2B 

0 

0 

0 

0 

0 

1 

1 

0 

00000000 

00000000 


90.000 


2A 

2B 


-2.40 


SECTION  7 


CONCLUSIONS  AND  RECOMMENDATIONS 


7.1  CONCLUSIONS 

.  The  practical  results  obtained  from  the  FHMUX  Feasibility 
Model  have  verified  the  findings  of  the  FHMUX  Design 
Assessment  Program 

.  The  feasibility  of  the  FHMUX  system  is  now  proven.  The 
areas  of  concern  that  have  been  identified  are  solveable 

.  The  FHMUX  system  has  now  passed  two  milestones,  design 
assessment  and  feasibility,  and  is  now  ready  for  further 
development  via  the  design  of  an  advanced  development  model 

.  Load  pulling  is  not  a  problem 

.  Channel  isolation  is  predictable,  and  better  than  expected 

.  Low  power  testing  of  the  PIN  Diodes  and  the  shunt  capacitive 

bus  showed  that  the  PIN  Diodes  are  not  as  severe  a  problem 
as  originally  believed,  but  problems  will  arise  when  high 
power  operation  is  attempted.  Additional  pin  Diode 
development  will  be  needed.  This  additional  PIN  Diode  work 
should  not  delay  the  next  phase  of  this  work,  it  will  be 
best  to  perform  further  PIN  Diode  development  concurrently 
with  the  next  FHMUX  hardware  phase 

.  A  10  bit  shunt  capacitive  bus  may  be  needed  instead  of  the  8 
bit  bus  used  herein 

.  Improved  tuning  and  calibration  techniques  to  provide  more 
accurate  filter  frequency  control  are  needed. 

7.2  COMMENT 

The  FHMUX  Design  Assessment  Final  Report  derived  a  baseline 
system  with  three  cascaded  building  block  bandpass  filter-couplers  per 
channel.  These  channels  were  then  combined  by  use  of  load  insensitive 
quadrature  coupler  circuitry.  This  FHMUX  Feasibility  model  is  a  two 
channel  system,  which  does  not  have  any  channel  cascaded  sections.  It 
is  thus,  an  abbreviated  model. 
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The  use  of  three  cascaded  filter-couplers  was  based  on  the  need 
for  approximately  40  dB  of  channel  Isolation  at  +/-  5%  of  the  filter 
center  frequency  derived  from  practically  realizable  filter  coupler 
sections  with  14  dB  of  channel  isolation  at  jf5%  of  filter  center 
frequency.  Measured  values  of  channel  isolation  exceeded  14  dB  at  4 
5%  of  filter  center  frequency,  and  performance  was  shown  to  be 
predictable. 

The  measured  values  of  insertion  loss  per  filter  coupler  section 
were  higher  than  anticipated,  and  were  attributed  to  variations  of 
loaded  Q  as  the  filter  frequency  was  varied.  Thus,  without  additional 
effort  to  reduce  Insertion  losses,  the  -2  dB  insertion  loss  per 
channel  design  goal  will  not  be  met.  Additional  effort  aimed  at 
reducing  variations  in  loaded  Q,  and  development  of  lower  loss 
quadrature  couplers,  is  required. 

Ihus,  the  channel  isolation  data,  derived  from  this  program  and 
anticipated  Insertion  loss  improvements  can  be  extended  to  a  next 
generation  FHMUX  model  which  will  probably  consist  of  two  cascaded 
filter-couplers  in  each  channel,  and  the  total  channel  insertion  loss 
will  be  about  2.5  to  3.0  dB,  plus  the  channel  combining  losses. 

7.3  RECOMMENDATIONS 

Several  areas  of  concern  (listed  below)  will  need  to  be  addressed 
in  a  future  program. 

.  Resonator  loss 

.  PIN  Diode  evaluation  and  test  (high  power  levels) 

.  Component  design  and  development 

-  Bias  choke 

-  Tuning  capacitor  trimmers 
Bypass  capacitors 

Low  loss  hybrid  quadrature  couplers 
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SECTION  9 


APPENDIX  A 


9.1  VENDOR  DATA  SHEETS 

This  appendix  contains  the  following  vendor  data  sheets 

ATC  100  Series  Chip  Capacitor 
ATC  175  Series  Ultra  High  Q  Chip  Capacitor 
Microwave  Associates  NA4P506  PIN  Diode 
Unitrode  UM6200  Series  PIN  Diode 
Unitrode  UM7200  Series  PIN  Diode 


Specifications 

ILlCmiCAL  CHARACTERISTICS: 

OIMUTV  rACTOR:  (Oew):  g<HMr  tlwi  lOAM  «  1  WHt. 
CARACfTANCI  VAUNS  AMO  TOLAHANCn: 

Cm*  A: 

Cam  B:  mmm  mw*  im  tiAiuM 

TIMAUUTURI  COCmCMNr  or  CArACirAMeB:  -fBO  ±20 
rrM/*C  (-85*C  10  1MX). 

DHklCTMC  TBBT  VOLTAOl:  2M«  at  WVDC  >*<in«  «or  S  MM. 
BBTIIACB:  L*m  IMn  ±0.0>%  or  0.09  pT,  MMehWMr  |*  gioaMr. 
AOMM  imCTB:  Nono. 

MCZOBLlCTRie  tmCTB:  Mom  (No  OMaeKMM  MfMMn 
wHA  *0H*s*  or  praMura). 

CAPACITANCI ORITT:  ±0.09%  or  0.09  pF.  wMehow  B  griMt. 

CAPACITANCI  fUNOI,  BttUkATMN  MBMTANCB,  AND 
ONAATBM  VOLTAOl  (WVDC)  BY  CABC  BOB 
C*M  A  '  *1  N  u  1*0  N  <  M  tmch  W  OtlMM  MH  o  >i*c.  IN  M*. 
NIMHMOm^ 

C«MB:C.1NM  IMNMOMWk  1NMnM1IMD»>C.  INM*. 


MECHANICAL  CHARACTERISTICS: 

•■mWTierrV:  TA*  potmUB  <HI»clflc  l*  non-perou*  wd 
imponHaiM  lo  moMAiio  mi  eammm)f  umt  elMnino  aetMiiii. 
TBMMNATHM  BTVUB:  aMllpM*  ki  CiM  A  M  cMp*  mi  poL 
Mt:  C*M  B  unH*  M  cMp*.  poUoB.  mi  BiM*  doviM. 
THUNBIAL  BTMNOTH:  MBfMttlp.  A«BI  BBBen.  mi  AaOBI 
RIPbon  Bidod  eapMHora  wHAMMid  ■  Bad  poll  at  t  B*.  ter  s 
taeand*  B  tea  aiu*  el  tea  Bad  par  MIL-STD-109,  awteod  911. 


•IIMHMOm^ 

Cam  B:  LINK  i«  N  Me  amck  in  bumm  w»  #  »•€.  in  mb. 

•iMiMlaO  UI*C 

lie  N  M  ae  er  MO  emck  in  **•■■■  D  mt,  in  mb- 

•MM  MM  •  ia«t 

oeeTH  47e  ir  oee  maCk  IN  mbmmm  MM  o  BB.  IN  Mb- 

•MM  MM  #  m*c 

ue  N  a  ue  N  neeewBCii  in  eMpaM  mm  #  mt.  in  mb- 

sMas  Mm  0  ]A*C 

M»  K  tS  IMO  (  tt  WVOC);  M*  Mipfl  MM  0  nK.  W  Msf 
•MRS  Mm  •!<»«€ 

Lira  TEST:  1S0%  rt(M  voH*o«  for  2000  hourt  Ml  12$*C  Mt  ptr 
MlL-STO-mC.  mtthod  206A  (iMtt  conMition  f) 

CHANQE  IN  CAPACITANCE:  At  2S*C:  £0.02%  Or  0.02  pf. 
MftMChMvor  It  gfOtttr. 

QUALITY  FACTOR:  grotltr  thon  ia000  Ml  frOQUoncy  ol  1  MHi. 
INSULATION  RESISTANCE  Sot  ttblt  Mbovt;  no  OogrodMlion. 
SiMndMrd  froquOAcy  mtMturMmMfltt,  I.MHt.  yniott  olAorwItM 


CapocitK 

kbiues 


IIElia 


eaaande  B  tea  MB  el  tea  Bad  par  MIL-STCL109,  awteod  911. 
IJI^.  OUTUNI  DBIBWBIOWB!  Sm  MaeftaoBal  CanllBwaiBn*  an 

than  lOAOO  al  1  WHt.  MAIWBia:  All  ATC  C*M  A  mi  CaM  B  eapacHere  may  be 

RANCBB:  Bear  markadinlte  manutaeterar'e  Mantltiaatlan,  eapaelly  and 

R tea  ma  Am  Ett tf  tOtO^MMOM  OOdOr 

R  Ol  ?  M  it»  t^.  ENVIRONMENTAL  CHARACTERISTICS: 

eAPACirANeB:  e-ao  ±90  TBIAPBRATURt  RANOB;  From  -BS*C  M  4  m*C  (no  daraiBo 
alNorWna«eltaBa):  mate  12S*C.  daraB  Bwarly  le  S0« 

aef^^a^^enem  ^  ’**  poroaBB  eapacHort  are  daaionad  and  manu- 

a  pF.  MMenavar  B  oraater.  teeluiad  la  maal  or  atoaad  tea  laquIranwnB  ol  MIL.C- 

11979C.  aeeerdma  ta  tea  mateade  ol  MU.4TO-909.  ATC 
100  eariM  capaenai*  art  availaPB  B  all  CYBOO  elyBt. 
INa  eapacKanM  wrBIBn  Sm  OPL  IM  el  MIL-C-ll2r2C:F8C.W10. 

SoroMiMihc  pfMtturo  (motNod  lOS.  oond.  S) 

02pF.«taehM«Mrito«<MlMr.  Shock  (mothodEIS,  cond.  J) 

Lted _ _  Vlbrotion  (mottled  204.  tend.  8) 

^amSIS**®**  Tompofoturt  Cycling  (mothed  102.  eend.  C) 

Hnmortlon  (mothed  104.  eond  8) 

» Msomas  MM  •  »*c.  iM  Mst-  Mature  rottMtonco  (method  100) 

I  BAMteMAM  Mte  A  rnwr  BABBAMte  SofOoroOHIty  (mothodSOOl 

■sfSMWRvm-c.  imasg-  Tofwinol Strength  (mothodOll) 

>  MtMSMM  MM  •  M.  im  Mst-  SoM  Sproy  (method  101.  cend.  8) 

msmmnm  mm  •  nt.  m*  Mst-  ATC  SW  100  BOILING  SALT  WATER  TEST; 

'  MstMm  MM  •  n-c.  ir  Me-  Themiei  Shock  end  Hermetlclty  Teet 

FURPOSt:  Tp  provide  t  nen-dettructivt  tMiuletien  of  the  ther- 
I  MsptMs  MM  •  0K.  w  Msf  mel  theck  end  degredetion  eeuted  py  centeminent  ebterpiion 
exportenced  during  normtl  circuit  mounting  end  cieening. 

!000  hourt  et  12$*C  et  per  PROCEDURE:  With  pitttic  twoexert.  drop  eepecitort  kite  e 

ondition  F).  Poiiino  ttit  weter  tolutien.  Remove  otter  two  hours,  weth 

i*C;  £0.02%  or  0.02  pF.  thoroughly  (dittiiled  weter).  thon  dry  et  150*C  tor  10  minuiee 
MEASURE:  t.R..  eepecity.  end  Q  then  be  within  publiehed 
too  et  froQuency  of  1  MHz.  epocificetione. 
lie  ebovt;  no  degredetion  MILITARY  SPECIFICATIONS: 

I.MHi.  unBM  ateatwB*  ATC  Bon  tea  (9PL  UM  lor  MIL-C-sa«Bi/4  and /S,  BO  (.BO  120 
PPM/'C)  WwiacBnallc.  and  tea  QPL  UN  Br  MIL-C-11272  RaBr  B 
tea  ATC  MiMaiy  ProducB  ManuN. 

CASB  A  adMwaAaF'  eapacAon  are  avaiBW*  only  m  cnipe  and  paHatt  Dam  0.1  pF  mreugh 
KM  pF  B  tea  «*iuM  and  WBranoM  IBiad  b*Bw:  warkBg  veltagH  W  VOC. 

CASB  B  MAXL~0”UDBP*  capacHort  aia  avaiBPB  B  all  nluM  and  loBrancM  M  tea  working 
voiBOM  ahanm  B  tea  BOB  batew.  Tb*  Cam  B  all*  nwy  b*  ordarad  with  a  lating  ol  1000 
WVDC.  0.1  pF  la  47  er  wite  a  rating  ol  100  WVDC.  *00  pF  to  1000  pF.  To  ardor,  apacily 
now  WVDC  B  tea  ardanng  cad*. 


B  -  ±0.1  pF 
C  -  ±0.2SpF 
D  •  ±0.5  pF 


/1TC  175  ULTRA  HIGH  Q  PORCELAIN  CAPACITORS 


ULTRA  WOH  “QV  UP  TO  4X  HIGHER  THAN  BEST  INDUS¬ 
TRY  STANDARD  (ATC  100). 

MICROWAVE  POWER,  CURRENT,  AND  O  RATINGS 
FIED  AT  UHF/MICROWAVE  FREQUENCIES  FOR  ALL  CA¬ 
PACITANCE  VALUES.  (CONTACT  FACTORY.) 

NO  DERATING  FOR  OPERATION  UP  TO  178*C. 

ATC  ITS  capteHort  art  Saalgnad  for  uaa  with  today's  Mghar  pewat,  hlphar 
hoquancy  Irantiaton  Tha  law  loaa  ATC  ITS  eapaenara  caduca  eirculi  naa 
by  as  much  aa  a  factor  of  4.  and  parmit  raliabM  oparatlon  up  to  1TS*C  eaaa 
lamparalura. 

ATC  ITS  Sarlaa  utlltaaa  a  unique  Internal  conatruetion*  while  retaining  the 
niggadnoaa  that  la  inharant  m  all  ATC  UHF/Mierowaua  capacltera. 

Tha  ATC  ITS  powar  handling  capability  aquala  or  aieaada  tha  pewat  capa¬ 
bility  of  tranalatora  praaantly  available. 


Specifications 

ELECTRICAL  CHARACTERISTICS: 

CA^ACITAIiCt  VALUES  AND  TOLtnANCES:  Cm#  S-tUnSard 
waiuM  and  toiarancM  from  1.0  pF  to  100  pF.  8m  taPto  for 
•londord  ATC  175  Capacity  Valuoa. 

WMKIHO  VOLTAGE:  Saa  tabio  of  Capacity  Vaiuaa  botow. 
QUAUTY  FACTOE:  Sot  eurva  antitlod,  "Equivalaot  Sariaa  Ra- 
atatanct  (Ohma)  voraua  Capacitanca  (pF)'*. 

MtULATION  RESISTANCE:  1(H  Magohma  Min  #  2S*C.  10* 
Magohma  Min  @  ITS^’C  at  ratad  voitagt. 
rCMPCEATUEC  COEFFtCIEfTT  OF  CAFACfTANCE:  *90  ^90 
FPM/«C  (-55®C  to  +175®C). 

DIELECTRIC  TEST  VOLTAGE:  250%  of  WVDC  rating  for  5  aaea. 
RETRACE:  Loaa  than  ±0.02%  or  0.02  pF,  whichavar  ia  graatar. 
AGMG  EFFECTS:  Nona. 

PIEZOELECTRIC  EFFECTS:  Nona  (No  capaeitanea  variation 
with  vottaga  or  praaaura). 

CAPACITANCE  DRIFT:  ±0.02%  or  0.02  pF.  whichavar  la 
graatar. 

UFE  TEST: 

150%  ratad  voitaga  for  gooo  hours  at  17S®C  aa  par  M1L*STD- 
202C.  mathod  206A  (taat  condition  F). 

CHANGE  IN  CAPACITANCE:  At  25®C:  loaa  than  0-02%  or 
0.02  pF.  whiehavar  ia  graatar. 

QUALITY  FACTOR:  No  dagradation. 

INSULATION  RESISTANCE:  No  dagradation. 

Standard  fraquancy  of  maaauramanta.  1  MHz.  untaaa  othar- 
wNa  nolad. 

CapocitK  l/biues 


MECHANICAL  CHARACTERISTICS: 

NERMETtCITY:  Tha  porealain  dialactrie  ia  imparvioua  to  ntoia* 
tura  and  commonly  uaad  eiaaning  aoivanta. 

TERMINATION  STYLES:  Availabla  aa  chipa.  paNata.  and  micro- 
atrip  iaadad  davicaa. 

TERMINAL  STRENGTH:  Micreatrip  iaadad  capacHora  wlthttand 
a  laad  pull  of  5  Iba.  tor  5  aoeonda  in  tha  axia  of  tha  laad  par 
MIL-8TD-202.  Mathod  211- 

OUTLINE  DIMENSIONS:  8oa  Moehanical  Cenfigurationa  on 
poga  7. 

MARKING:  M  ATC  175  Capaeitora  art  laaar  marttad  parma- 
nantiy  with  manufacturar'a  idantificalion.  capacity  coda,  and 
leiaranoa  coda. 

ENVIRONMENTAL  CHARACTERISTICS: 

MILITARY  SPECIFICATIONS:  All  ATC  ITS  Sariaa  Capaeitora 
moot  MfL-C-t1272C.  MIL-C-SSSSt.  and  MfL-C-232Sg. 
TEMPERATURE  RANGE:  From  -55*C  to  -f  175*C  (NO  DERAT¬ 
ING  OF  WORKING  VOLTAGE). 

ATC  175  poreoiain  capaeitora  art  daaignad  and  manu- 
teciurtd  to  axcoad  tha  foitowino  raquiramarrtt  of  MIL- 
STD-202: 

Daromatrie  praaaura  (mathod  105.  cond.  B) 

Shock  (molhod219.  cond.  J) 

Vlbroiion  (mothod  204.  cond.  B) 

Tomparatura  Cycling  (mathod  102.  cond.  C) 
Immaraion  (mathod  104.  cond.  B) 

Moiatura  Raaiatanea  (mathod  lOS) 

Soldorabiiny  (mothod  206) 

Torminal  Stroftgth  (mothod  211 1 
Balt  Spray  (mathod  101.  cond.  B) 


B  *  ^0.1  pF 
C  -  *0.25  pF 
D  w  ^0.5  pF 
F  »  ±1% 

G-  ±2% 
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MA-4P506 

PIN  ipccHkatien  and  switdi 
pcrfernianca  sdcdien  suldc 


10.19  MA-4PB06  SPECIFICATIONS 

ANO  SWITCHINO  PERFORMANCE 

Voltao*  SrMkdowti  (Vb)  •  900  volU  (MIN)  •  lOnA 
Junction  CapaelUne* 

(Cl)  -  .70 pF (MAXIM 
100  volt* 

Soriol  RMIttanet  (R«)  •  0.30  (MAX)  •  100  fliA 
Carrior  Litatlma  (r|J  -  S  OkC  (TYP) 

Ravaraa  RaeovafyTima 

arri  -  .380  rt  (TYP) 

Ttiarmal  Raalatanca 

(«ic)  -  10*C/W(MAX) 

Poaiar  Oltalpation 

•  3S*C  -  18W  (MAX) 

Standard  Caaa  Stylat''>  -  30. 4  and  131°* 

Tha  MA.4P906  PIN  dioda  la  apaeltically  dasignad 
for  uaa  aa  a  modarata  to  high  powar  awitehing 
dioda.  Tha  low  R(,  low  lharmal  raalatanca  and 
CERMACHIpru  conatructlon  ol  thia  dioda  maka  It 
an  ancallant  choica  lor  many  madlum  powar ,  tow- 
loaa  appiicatlona.  Switching  apaada  of  300  na  ara 
typical. 

HOTta 

t  Cwiom  aaewgina  M  mimm  noon  rtqMni 
a  Com  orrw  tat  <*  a  CihMJiCHto™  (Mmwticwiy  onm  Oiipj. 


+  .7(VOCT8) 

JUNCTION  CAOACITANCf  ICi)  VS  REVERSC  VOLTAOE 
|V||)  FOR  AN  MAAPNS  PfN  noOE 


Figure  9-3.  Microwave  Associates  4P506  PIN  Diode  Data  Sheet 


PIN  DIODE  UM6000  SERIES 

UM6200  SERIES 
UM6600  SERIES 

FMtWM 

•  Capacitanca  apacifiad  as  low  as  0.4  pF  (UM6600) 

•  Rasistanca  spacHiad  as  low  as  0.4fi  (UMe200) 

•  VDltaga  ratings  to  1000V 

•  Powar  dissipation  to  6W 


Dascriptlon 

Thass  sarias  of  PIN  diodas  ara  dasignad 
for  applications  raquiring  small  package  size 
and  moderate  average  powar  handling  capa¬ 
bility.  The  low  capacitance  ol  the  UM6000 
and  UM6600  allows  them  to  be  used  as  series 
switching  elements  to  1  GHz.  The  low  rasis¬ 
tanca  of  the  UM6200  Is  useful  in  applications 
where  forward  bias  currant  must  be  mini- 
mlzad. 

Because  of  its  thick  l-ragion  width  and 
long  lifatime  the  UM6000  and  UM6600  have 
been  used  in  distortion  sensitive  and  high 
peak  power  applications,  including  receiver 
protectors,  TACAN,  and  IFF  equipment.  Their 
low  capacitance  allows  them  to  be  useful  as 
attenuator  diodes  at  frequencies  greater 
than  1  GHz.  The  UM«200  has  been  used  suc  ¬ 


cessfully  in  switches  In  which  low  insertion 
loss  at  low  bias  current  is  required. 

The  “A”  style  package  lor  this  series  is  th« 
smallest  Unitrode  PIN  diode  package.  It  has 
been  used  successfully  in  many  microwave 
applications  using  coaxial,  microstrip,  and 
stripline  techniques  at  frequencies  beyond 
X-Band.  The  “B"  and  “E”  style,  leaded  pack 
ages  offer  the  highest  available  power  dissi¬ 
pation  for  a  package  this  small.  They  have 
been  used  extensively  as  series  switch  sle 
ments  in  microstrip  circuits.  The  “C”  style 
package  duplicates  the  physical  outline 
available  In  conventional  ceramic-metsi 
packages  but  incorporates  the  many  reliabil¬ 
ity  advantages  of  the  Unitrode  construction. 


MAXIMUM  RATINGS 

Average  Power  Dissipation  and  Thermal  Resistance  Ratings 


Paekaga 

Condition 

UMI 

UMI 

HWO 

noo 

uMaaoo 

Pp 

• 

P. 

« 

AkO 

25*0  Pin  Temperature 

ew 

2S*CiW 

4W 

37.5  *CiW 

BkE  (Axial  Loads) 

%  in.  Total  Lead  Length  to 
(12.7mm)  to  25*0  Contact 

2.5W 

60’CVW 

2.0W 

75*CW 

BkE  (Axial  Loads) 

Free  Air 

0.5W 

— 

0.5W 

— 

Peak  Power  Ofssipation  Rating 


All  Packages 

1  xe  Pulse  (Single) 
at  25*0  Ambient 

UMBOOO  -  25  KW 
UM62(X)  •  10  KW 

UMOOOO  -  13  KW 

Operating  and  Storage  Ibmperature  Range:  -66*0  to  *  175*0 


Figure  9-4.  Unitrode  UM6200  Series  PIN  Diode  Data  Sheet 
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Figure  9-6. 


PIN  DIODE 


UM7000  SERIES 
UM7100  SERIES 
UM7200  SERIES 


MtWM 

.  Vbitag*  ratings  to  1000V  (UM7000) 

•  Wide  variety  of  package  atylas 

•  Rated  average  power  dlaalpailon  to  lOW 

•  Coal  effective  In  volume  a^lcatlona 


Oaacrtptlon 

The  UM7000  and  UM7100  series  offer  mod¬ 
erately  high  power  handling  In  combination 
with  reeeonebly  low  levels  of  both  series 
rMlstance  and  capacitance.  The  UM7200 
series  offers  the  lowest  series  resistance, 
but  the  highest  capacitance  of  the  group. 
The  differences  In  specified  performance,  for 


each  of  the  series,  results  from  different 
l-reglon  thicknesses.  The  three  series  have 
broad  applicability  In  many  RF  end  micro- 
wave  switch  and  attenuator  circuits.  Addi¬ 
tionally,  the  UM7100  In  leaded  versions,  is 
usually  the  most  cost-effective  diode  choice 
in  high  volume  usage. 


MAXIMUM  RATINGS 


Average  Power  Dlaalpailon  and  Thermal  Resistance  Ratings 


Package 

Condition 

P. 

« 

A 

25  *C  Pin  Temperature 

10W 

16‘CAIW 

BAE  (Axial  Leads) 

Ik  ln.(12.7mm)  Lead  Length  to 

25  *C  Contact 

5.5W 

27.5 ‘C/W 

BAE  (Axial  Leads) 

Free  Air 

1.5W 

C  (Studded) 

25  *C  Stud  Temperature 

10W 

15*CAIV 

0  (Insulated  Stud) 

25  *C  Stud  Temperature 

7.5W 

20 'C/W 

Peak  Power  Dissipation  Rating 


All  Packages 

1  im  Pulse  (Single) 

IIM7000  -BOKW 

at  25  *C  Ambient 

UM7100  •  35  KW 
LIM7200  •  20  KW 

I  Operating  and  Storage  Temperature  Range;  -65*C  to  *  ITS’C 


UNITRODB 


ure  9-7.  Unitrode  UM7200  Series  PIN  Diode  Data  Sheet 


UM7000  UM7100  UM7200 


Votiagt  Ritlngt  (25 


ItovarM  VoHaM 
(VJ-VtoHt 
(1,  *  10  mA) 

T>p*« 

100V 

UM7001 

UM7101 

UM7201 

200V 

UM7002 

UM7102 

UM7202 

400V 

UM7104 

UM7204 

600V 

UMTOOe 

aoov 

* 

UM710e 

— 

1000V 

UM7010 

— 

— 

Electrical  Spcelflcatlenc  (25*0 


iMt 

Symbol 

UM7000 

UMT100 

UMTOOO 

CondHIent 

Total  Capacitanca  (Max) 

C, 

0.9  pF 

1.2  pF 

2.2  pF 

OV,  1  GHZ 

Sarias  Ratiatanca  (Max) 

R. 

1.0Q 

o.eo 

0.2SB 

100  mA.  1  GHz 

Parallal  Raaittanca  (Min) 

R, 

10  K& 

BKO 

7  KB 

100V.  1  GHz 

Carriar  Utetima  (Min) 

T 

2.5  ua 

2.0  ua 

1.5  MS 

U  B  10  mA 

Ravaraa  Currant  (Max) 

1. 

10  mA 

10  mA 

10  mA 

V,  B  Rating  1 

l-Ragion  Width  (Min) 

w 

iSOum 

00  ixn 

40  urn 

— 

TvnCAL  FORWAKO  RCtltTAMef 
Vt  FORWARO  CURRCNT 
w  m  m  «H4 


TVFtCAL  DC  CHARACTtRtfTlC 
FORWARD  VOLTAOl 
V$  FORWARD  CURRtMT 
UlirMSAJMriOOAIMTan 


^  -  »oima«oi 


Figure  9-8. 


Unitrode  UM7200  Series 


PIN  Diode  Data  Sheet  (Cont.) 
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ABSTRACT 


This  GTE  Sylvania  Reference  Document  is  in  support  of  the 
Final  Report  for  a  Frequency  Hopping  Multiplexer  (FHMUX) 

Design  Assessment. 

The  Final  Report  and  this  document  complete  a  12  month 
study  to  investigate  its  concept  and  feasibility. 

The  results  of  the  study  are  positive.  The  FHMUX  can 
perform  as  desired  and  also  enhance  certain  transceiver  perform¬ 
ance  parameters  such  as  broadband  transmitter  noise  rejection, 
more  constant  transmitter  loading,  and  increased  receiver  selec¬ 
tivity.  These  positive  results  should  encourage  the  design  and 
development  of  an  advanced  engineering  model. 

This  reference  docximent  describes  work  performed  early 
in  the  FHMUX  program,  and  is  in  separate  form  to  increase  the 
readability  and  utility  of  the  Final  Report. 
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APPENDIX  A  CIRCULATOR  CIRCUIT  TECHNIQUES 

A.l  CIRCULATOR  MULTIPLEXING  SCHEMES 

An  extension  of  the  "Stites  Coupler"  (discussed  in  GTE  Proposal) 
permits  easy  connection  of  three  or  four  transmitters  into  a  common 
antenna  circuit.  The  basic  stites  coupler  permits  low  loss  connec¬ 
tion  of  two  transmitters  to  a  common  antenna;  these  variations 
permit  additional  transmitters  to  be  so  connected  with  little,  if 
any,  added  complexity  or  loss. 

Extension  of  the  original  Stites  circuit  to  accomodate  more 
transmitters  to  a  common  antenna  is  limited  to  growth  in  a  binary 
fashion  i.e.,  2,  4,  8,  16,  etc-.  This  extended  concept  permits 
much  greater  flexibility  in  this  regard.  In  addition,  the  circuit 
bandwidth  is  limited  only  by  the  circulators  and  the  power  combiner. 

When  the  four  (4)  port  combiner  is  used,  the  combining 
efficiency  is  higher  than  that  obtained  in  building  a  tree  of  three 
(3)  of  the  original  Stites  couplers. 

As  in  the  original  circuit,  use  is  made  of  the  non-reciprocal 
properties  of  ferrite  circulators.  It  uses  the  energy  reflected 
at  the  juncture  of  three  (or  four)  transmitters,  so  that  it  can 
be  equally  divided,  and  made  available  in  segments  of  equal  power 
and  phase  for  recombining. 

Figure  A-1  shows  how  the  summation  of  three  transmitters  is 
accomplished. 

The  circuit  shown  makes  use  of  a  deliberate  3  to  1  VSWR.  The 
ratio  of  power  reflected  to  incident  power,  is  determined  by  the 
following  relationship: 


Where  Pr  =  Reflected  Power 
Pi  =  Incident  Power 
s  =  VSWR 


For  a  3:1  VSWR 


Pr 

pT 


0.25 
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Thus  a  3:1  VSWR  reflects  25  percent  of  the  incident  power ^ 
leaving  75  percent  to  travel  to  the  load(s).  A  3:1  VSWR  is  created 
by  the  connection  of  RF  transmission  lines  Ll,  L2,  L4,  and  L5  at 
point  A,  which  is  a  four  way  "T"  connection.  Thus,  if  transmitter 
Fl  is  on  line,  RF  power  will  flow  to  point  A,  and  at  Point  A, 
the  impedance  presented  to  transmission  line  Ll  will  consist  of 
L2,  L4,  and  L5  in  parallel.  All  of  the  Rf  transmission  lines 
(Ll  through  L7)  are  of  the  same  characteristic  impedance  (Zo) . 

Thus  the  impedance  seen  by  Ll  at  Point  A  is  Zo/3,  which  corres¬ 
ponds  to  a  3:1  VSWR,  as  described  above.  The  same  situation  exists 
when  transmitters  f2  and  f3  are  on  line. 

The  output  power  of  transmitter  fl  (or  f2,  or  f3) ,  is  split 
equally  four  ways,  both  in  amplitude  and  phase,  and  combined  in 
a  four  way  in-phase  combiner,  as  described  below. 

RF  power  leaves  transmitter  Fl  and  passes  through  its  associated 
ferrite  isolator,  to  Port  A1  of  circulator  CA.  It  leaves  Port  B1 
of  CA,  and  flows  to  point  A.  At  point  A,  the  load  is  now  Zo/3, 
as  described  above.  This  is  a  deliberate  3:1  VSWR,  and  25%  of 
the  power  incident  upon  point  A  is  reflected  back  to  Port  B1  of 
Circulator  CA.  The  action  of  circulator  CA  is  to  allow  this  power 
to  flow  with  low  loss  out  of  Port  Cl,  to  the  four  way  in  phase 
power  combiner.  Very  little  of  this  energy  will  leak  through  to 
Port  A  of  CA;  what  does  leak  through,  will  be  dissipated  in  the  load 
resistor  of  isolator  lA. 

The  remaining  75%  of  the  power  at  point  A  is  divided  equally, 
and  flows  to  the  in  phase  power  divider  via  three  equal  paths. 

One  path  is  through  L2  and  circulator  C4;  another  is  through  L5 
and  circulator  CB,  and  L6  and  finally  L4,  circulator  CC,  and  L7. 
Circulators  CB  and  CC  provide  isolation  to  transmitters  f2  and  f3 
in  the  same  fashion  as  circulator  A. 

Thus,  we  have  four  inputs  to  the  in-phase  power  divider  which 
are  of  equal  power  and  phase,  resulting  in  recombination  of  the  out¬ 
put  of  transmitter  fl  for  connection  to  the  antenna. 
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It  has  been  shown  that  the  RF  power  flowing  through  lines 
L4  and  L5  is  not  allowed  to  get  back  into  transmitters  f2  and 
f3.  In  similar  fashion,  transmitters  f2  and  f3  are  coupled 
to  this  single  antenna,  and  each  transmitter  is  so  isolated 
from  the  other  transmitters  by  circulator  action. 

Isolator  C4  is  needed  to  separate  point  A  from  any  undesir¬ 
able  effects  resulting  from  a  less  than  ideal  antenna  VSWR. 

It  may  not  always  be  necessary. 

The  transmission  line  length  relationships  shown  in  Figure 
2.2.1  are  necessary  to  guarantee  maximum  summing  efficiency  of 
the  in  phase  power  divider. 

The  summation  of  four  transmitters  to  a  single  antenna  is 
shown  in  Figure  A-2. 

Circuit  action  is  very  similar  to  the  three  way  combiner 
previously  described.  Again,  a  deliberate  3:1  VSWR  is  created 
at  Point  A  by  the  parallel  combination  of  three  of  the  four 
transmission  lines.  Thus,  the  "driving"  transmission  line 
(from  CA,  or  CB,  or  Cc,  or  Cd)  sees  an  impedance  which  is 
one  third  of  its  own  characteristic  impedance. 

Of  interest  is  that  we  can  combine  four  transmitters  with 
the  number  and  kind  of  components  as  in  the  three  way  combiner. 
Again,  the  line  length  relationships  needed  to  insure  optimum 
power  recombination  are  shown  in  Figure  A-2. 

With  this  added  capability  of  being  able  to  combine  three 
or  four  transmitters  to  a  single  antenna,  we  can  now  construct 
trees  of  a  non-binary  form  thus  providing  great  flexibility. 

It  is  not  necessary  that  all  of  the  transmitters  be 
energized  at  the  same  time,  or  that  they  have  equal  output 
power. 

A  loss  analysis  can  be  performed  on  both  the  three  and 
four  port  models.  The  values  assumed  for  the  original  Stites 
coupler  (two  port  design)  are  :  0.3  dB  for  the  power  combiner, 

■and  0.4  dB  for  the  isolators  and  circulators. 


Figure  A-2  Summation  of  4  Transmitters 


The  three  (3)  and  four  (4)  port  modules  use  a  slightly  more 
complex  combiner,  so  our  loss  model  will  assume  a  0.4  dB  loss 
for  the  power  combiner. 

Thus,  a  typical  combining  path  (including  the  isolators 
at  the  output  of  each  transmitter) ,  has  the  following  loss: 

3  Port  4  Port 


Isolator  la 

-.4 

Isolator  la 

-.4 

Circulator 

Ca 

-.4 

dB 

Circulator  Ca 

-.4 

dB 

Circulator 

C4 

-.4 

Circulator  Cb 

-.4 

Combiner 

-.4 

Combiner 

-.4 

-1.6 

~  dB 

-1.6 

dB 

The  losses 

are 

the  ; 

same 

for  each  combiner.  Thus 

the 

efficiency  of  these  combiners  is  69%.  Of  great  interest  is 
the  improvement  in  efficiency  realized  by  using  the  above 
described  four  way  combiner  over  the  use  of  a  four  way  combiner 
constructed  from  a  "tree"  using  three  of  the  orignal  Stites 
couplers.  This  js  an  improvement  of  from  57  to  69  percent. 

In  all  of  the  previous  and  following  examples,  it  is  to 
be  understood  that  the  transmission  media  may  be  coaxial,  wave¬ 
guide,  balanced  stripline,  or  microstrip. 

Figures  A-3,  A-4 ,  and  A-5  show  practical  examples  of  5, 

9,  and  16  way  combiners  and  demonstrate  the  high  efficiency 
obtainable  with  this  technique. 


5  way  combiner 


AM-rrMrS/i 


Total  Losses,  Transmitter  A  or  B 

-  -2.4  dB  ,  or  57,5Z  «rricir*>c'r 
Total  Losses  Transmitter  C,  or.  D,  or  £ 

-  -2.6  dB  -  551  rrricirocY 


This  element  does  not  need  circulators  on  Its  Input  port, 
hence  the  loss  Is  -1.0  dB  instead  of  -1.4  dB. 


Figure  A- 3  -  Five  Way  Combiner. 
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A  conventional  linear  9  vay  combiner  would  have  a  combining 
loes  of  -9.34  dB  for  each  independent  frequency,  or  an  efficiency 
of  only  11  percent. 


Figure  A-4  -  Nine  Way  Combiner 


All  4  Pore  Combiners. 


Total  Loss  in  Any  one  Path  -  -  2.8  dB,  or  52.4Z  efficiency 


Figure  a- 5  -  16  Way  Combiner 


APPENDIX  B  DISCUSSION  OF  DUAL  ANTENNA  SYSTEMS 


a^lCIRCULATOR  DISCUSSION 

A  three  (3)  port  circulator  specification  was  prepared  and 
sent  out  to  15  vendors.  Tne  specification  is  shown  in  FigureB-1. 

Nine  of  the  fifteen  queried  vendors  responded,  and  all  have 
indicated  that  th®  s pee i f i ca t i on  is  beyond  their  capability.  Of 
particular  interest  is  the  response  from  MICON,  Inc.,  shown  herein 
as  FlgureB-2.  We  are  no  longer  pursuing  the  circulator  search.  The 
circulator  method  of  combining  transmitters  remains  ideal  for 
frequency  ranges  where  ferrite  circulators  are  available. 

A  literature  search  (New  England  Research  Application 
Center)has  been  conducted  on  the  following  topics: 

Ferrite  Circulators 
Active  Circulators 
Distortion  Products 

The  ferrite  circulator  search  snowed  that  very  little  work  is 
in  progress  in  the  30  -  88  MHz  band,  and  that  these  circulators 
offer  only  about  5%  bandwidth  and  fairly  high  insertion  loss. 

The  literature  search  regarding  active  circulators  produced 
numerous  abstracts.  The  active  circulator  is  a  circuit  developed 
for  use  in  the  telepnone  industry,  and  originally  operated  at  audio 
to  video  frequencies.  Isolation  of  up  to  50  dB  has  been  reported. 
The  adaptability  of  this  circuit  to  high  powered,  wide  band  RF  use 
is  debatable,  and  is  not  under  consideration. 

The  literature  search  yield  regarding  distortion  products  was 
small.  "A  study  of  Non-Linearities  and  Intermodulation 
Characteristics  of  3  Port  Distributed  Circulators"  by  You-SunWu, 
Walter  H.  Ku,  and  John  E.  Erickson,  IEEE  Trans.,  MTT,  No.  2,  Feb 
1976,  stated  that  for  a  particular  ferrite,  used'  in  a  distributed 
circulator,  the  dominating  distortion  term  is  86-91  dB  down.  Other 
VHF  and  UHF  distributed  circulators  were  also  tested,  and 
Intermodulation  products  in  the  range  of  80  -  100  dB  below  the  main 
signal  of  50  to  100  watts  were  produced  with  an  interfering  signal 
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3  PORT  CIRCULATOR 
PRELIMINARY  SPECIFICATION 

30  to  88  MHz 
1.0  dB  max. 

25  dB  min. 

FERRITE  OR  ACTIVE 
1:15  :1 

60  WATTS  C.W. 

N/A 

•120  dBc  max. 

N/A 

-  PREFER  BROAD  BAND  OPERATION 

-  IF  TUNING  IS  NECESSARY,  IT  WILL 
BE  NECESSARY  TO  MAINTAIN 
SPECIFIED  ISOLATION  TO  ALL 
OTHER  FREQUENCIES . 

-  TUNING,  IF  ANY,  MUST  BE 
ELECTRONIC 

1  •  3  Port  Circulator  Preliminary  Specification 
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MICON  INC. 
FERRITE  CONTROL 


CO.  OlViSION 


1109  IMOUSTAIAL  FAAKWAV.  tniCKTOWN.  New  JCM9CT 


lien  «>t  S19S 


Novarber  26,  1980 


Sylvania  Systans  Group 

Eastern  Division 

GIE  Sylvania  Incorporated 

77  "A"  Street 

Needham  Heights,  MA  01294 

Attn:  Mr.  Colin  B.  Weir 

Advanced  De'.^elopnant  Engineer 


Dear  Mr.  t4eir: 


I  spent  many  hours  examining  feasibility  of  a  ferrite  circulator  or  an 
active  gyrator  to  approach  the  broad  bauid  requirements  of  30  to  88  :flz. 

I  believe  it  to  be  very  difficult  to  even  approadi  i'our  requirements. 

The  best  I  feel  could  be  acootplished  with  an  electronically  -tuned  ferrite 
circulator  would  use  a  unit  with  3  to  5%  instantiuiecus  bandwidth  to  the  20 
db  return  ana  isolation  points.  Insertion  loss  would  be  of  the  ord^  of 
1^  db.  Isolation  vrould  drop  to  5  or  6  db,  lOt  away  frem  the  operating 
band.  Matching-using  LC  networks  along  with  change  of  magnetic  bias 
(coil  current)  would  be  digitally  controlled,  probably  by  a  microprocessor. 
Pin  Diode  switdves  used  in  the  IC  matching  net^^ks  would  probably  re¬ 
duce  the  EO  products  typicjdly  to  the  order  of  80  dbc. 

one  active  type  approach  would  require  9  approximate  unity  gain  anplifiers. 
Each  anplifi^  probably  needs  to  have  meet  the  120  dbc  specification. 

Phase  and  an^lifier  balance  would  be  critical.  Amplitude  balance  of  H  db 
could  result  in  isolation  of  10  db,  instead  of  the  desired  25  db.  I  do 
not  believe  better  tolerance  or  controls  can  be  met  at  this  time. 


Should  you  basically  modify  t.he  preliminary  specifications  or  change  ap- 
proa^,  Ferrite  Control  M3uld  ^preciate  the  opportunity  to  be  of  service. 


Very  truly  yours, 
FEKiUTE  OGNTROL 

H.  Ward  Hurd 
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Figure  B-2 
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20  dB  below  tne  main  signal.  The  authors  conclude  that  since 
distributed  circulators  are  of  larger  volume  than  the  lumped  type, 
the  Intermodulation  noise  will,  in  general,  be  less  than  that 
produced  in  a  lumped  element  circulator. 

B.2  SWITCHING  CONSIDERATIONS 

This  section  contains  preliminary  concepts  which  help  to 
illustrate  and  clarify  various  system  problems.  FigureB-3  shows  how 
a  two  antenna  scheme  could  be  greatly  simplified  if  the  receiver 
Inputs  and  tne  transmitter  outputs  could  be  Individually  accessed. 
This  would  probably  mean  modification  of  equipment  in  the  field, 
wnicn  is  to  be  avoided.  However,  the  benefits  are  large,  and  the 
concept  will  be  held  in  reserve. 

B.3  ACTIVE  CIRCULATOR 

FigureB-4  shows  some  of  tne  design  requirements  of  a  3 
port  active  circulator  to  implement  the  2  antenna  approach.  As 
shown,  a  large  number  of  class  A  amplifiers  are  needed  (18)  to 
implement  this  approach,  and  nence,  it  does  not  seem  workable  at 
tnis  time. 

B.4  TWO  ANTENNA  SYSTEMS  WITH  LINEAR  AMPLIFIERS 

It  is  still  felt  that  a  two  antenna  system  would  be  more 
versatile  than  that  of  a  single  antenna.  Consideration 
was  given  to  alternate  circuitry  which  could  retain  the  two  antenna 
adaptability. 

The  circuit  shown  in  FigureB-5  is  an  early  model  of  such  a 
circuit.  The  circuit  snown  represents  a  complete  transmitter 
multiplexer.  It  consists  of  5  class  A  linear  cascode  RF  amplifiers. 
The  cascode  circuit  is  chosen  to  provide  about  MO  dB  of  isolation 
between  the  power  combiner  port  and  tne  transceivers. 

The  cascode  amplifiers  are  combined  in  a  linear  five  way  in 
phase-power  combiner,  which  will  incur  about  7  dB  of  loss  in  each 
forward  path.  The  summed  outputs  are  routed  to  a  linear,  high  power 
output  amplifier  capable  of  Handling  five  simultaneous  Inputs  and 
driving  each  one  up  to  60  watts  with  little  or  no  intermodulation. 

Under  normal  operations,  eacn  transceiver  will  probably 

operate  on  a  five  minute  receive  -  1  minute  transmit  duty  cycle.  To 

reduce  the  heat  dissipation,  the  non-used  cascodes  could  be  disabled 
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Figure  B-4  -  Active  3  Port • Circulator 
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Ficjure  B~5  -  Alternate  Circuit  -  Transmit  Multi-^cbpler 


wnen  the  associated  transceiver  is  in  the  receive  mode.  The  output 
amplifier  would  be  active  as  long  as  one  of  tne  transceivers  is  in 
tne  transmit  mode. 

The  total  isolation  from  one  transceiver  output  to  another 
transceiver  output  would  be  sum  of  the  cascode  isolation  plus  about 
fourteen  to  twenty  dB  of  isolation  provided  by  the  power  combiner, 
giving  a  total  of  about  54  to  60  dB  isolation.  This  is  generally 
more  isolation  than  provided  by  either  the  circulator  or  single 
antenna  approach. 

It  is  felt  tnat  this  circuit  would  not  suffer  adversely  from 
antenna  impedance  variations  in  any  way. 

There  are  two  areas  of  concern  with  this  circuit,  back 
intermodulation  of  tne  cascode  amplifiers,  and  an  increase  in  the 
broadband  noise  floor.  The  neat  dissipation  and  linearity  problems 
can  probably  be  overcome.  As  noted  in  Figure  B~5,  much  effort  is 
being  expended  in  the  design  of  ultra  linear  power  amplifiers  in  the 
HF  band  by  moat  of  the  military  services. 

FlgureB-5  Illustrates  now  the  cascode  amplifiers  will  be 
subject  to  back  intermodulation.  A  search  for  applicable  literature 
was  made  in  the  GTE  library  with  little  success.  One  excellent 
reference  is  available  however,  wnich  documents  the  causes  of  back 
intermod.  It  is  "If  Back  Intermodulation  is  a  Problem",  by 
Dieter  R.  Lonrmann;  found  in  Electronic  Design  23,  November  11, 
1971 . 

Back  intermod  occurs  when  the  output  of  one  transmitter  enters 
a  second  transmitter,  and  mixes  with  the  second  transmitters  second 
harmonic,  and  is  retransmitted.  A  mathematical  analysis  shows  that 
if  the  interference  source  looking  back  into  the  output  of  the 
amplifier  sees  a  load  that  does  not  vary  over  time,  no  back  intermod 
will  occur.  The  approach  described  in  tne  reference  is  slanted 
toward  class  D  amplifiers,  and  results  in  equal  on/off  impedances. 
Amplifiers  of  this  type  are  not  applicable  herein  because  of  their 
high  harmonic  output,  but  the  text  does  offer  an  implied  solution 
to  our  problem  .  A  class  A  amplifier  does  not  switch  on  or  off;  it 
is  always  in  conduction,  and  the  collector  impedance  tends  to  be 
relatively  constant  with  time.  Careful  RF  design  can  greatly  reduce 
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harmonic  generation,  so  the  only  significant  amount  of  second 
harmonic  present  will  be  that  delivered  by  the  driving  transceiver 
itself,  which  would  be  faithfully  reproduced  by  the  cascode 
amplifiers,  except  for  some  rolloff  at  the  high  end  of  the  band. 
Thus,  if  the  driving  transceiver  second  harmonic  is  running  at  -80 
dBc  or  so,  if  the  cascodes  are  class  A,  and  if  additional  input 
filtering  is  provided,  considerable  progress  can  be  made  toward 
resolving  the  back  Intermod  problem. 

In  order  to  provide  a  meaningful  IMD  analysis,  the  block 
diagram  shown  in  Figure  B-5  was  Increased  in  detail  and  is  shown  in 
FigureB-6.  The  input  power  level  of  60  watts  is  tentatively 
attenuated  by  10  dB,  to  6  watt?.  Overall  gain  is  0  dB.  These 
parameters  are  also  used  in  the  noise  floor  analysis  to  follow. 

Figure  b-6  assumes  tne  second  narmonle  content  of  the 
transceiver  to  be  -80  dBc,  and  that  no  significant  harmonic 
enhancement  occurs  in  the  cascode  amplifiers.  Thus,  three  signals 
are  shown  at  the  output  of  A1;  +4?  dBm  at  f  1  ,  -33  dBm  at  2f1,  and 
♦27  dBm  at  f2.  The  2  f1  signal  at  -33  dBm  will  mix  with  the  +27  dBm 
f2  signal  to  produce  the  IMD  signal  (2f1-f2)  at  45  MHz, 

If  we  assume  little  or  no  IMD  enhancement  from  A6,  the  IMD 
product  at  45  MHz  must  be  120  dB  below  the  +47  dBm  f1  signal,  or  -73 
dBm.  This  means  that  th‘  IMD  signal  must  be  100  dB  below  the 
Jamming  signal  (+27  dbm  f 2 ) .  The  cited  reference  shows  that  the 
switching  amplifier  provided  about  65  dB  of  IMD  supresslon.  It  is 
unknown  at  this  time  how  well  a  class  A  amplifier  will  suppress  back 
IMD,  but  it  la  clear  that  reduction  of  the  input  second  harmonic, 
and  increased  isolation  to  the  Jamming  signal  would  greatly  Improve 
performance. 

Figure  B-7  shows  a  noise  model  of  the  previously  discussed 
circuit,  and  the  effects  of  this  circuit  on  the  system  broad  band 
noise  floor  are  shown  below: 


B-9 


The  input  noise  figure  of  a  typical  eascode  stage  (A1 )  is 
calculated  with  the  following  assumptions: 
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Where  G  s  0  dB 
KTB  s  -17M  dBm/Hz 

NE  s  Noise  enchancement  of  the  final  amplifier 
Which  is  estimated  to  be  6  dB. 
thus:  N  s  22.1  ♦  0  -  174  ♦  6 
=  -145.9  dBm/Hz 

This  noise  is  summed  with  the  noise  generated  from  each  of  the  four 
input  cascodes  (A2  AS)  which  is  summed  and  then  amplified  by  A6: 

M  «  NF  ♦  G  ♦  KTB  ME 

=  22.1  *  (-10  ♦  9  -  7)  -  174  +  6 
=  -153.9  dBm/Hz 

Since  we  are  summing  four  of  these  amplifiers,  the  level  is 
increased  by  6  dB.  The  amplification  of  A6  raises  this  level  by  an 
additional  8  dB 

-153.9 
+  6.0 
8.0 

Ns  -139.9  dBm/Hz 
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Now,  assume  the  Input  noise  to  be  -1M7  dBe  (in  a  20  KHz  bandwidth) 
on  each  of  the  5  channels: 


Total  Noise  Due  To 
Input  = 


*  U8  dBm  in  each  channel 
-I'l?  dB 


-  99  dBm/20  KHz 

-  in _ (  Normalize  20  KHz  to  Hz) 


-1H2  dBm/Hz 


(There  are  5  channels) 


-135  dBm/Hz 


Since  the  channels  have  0  dB  gain,  this  is  the  total  noise  related 
to  the  input. 

The  summation  of  these  3  noise  sources  is  shown. 

Noise  from  A1  -1i<5.9  dBm/Hz 

Noise  from  (A2  4.  A3  •»'  All  -t-  AS)  A6  -139.9  dBm/Hz 
Summation  of  input  Noise  -135.0  dBm/Hz 

Total  Noise  =  -133.5  dBm/Hz 

If  we  consider  channel  A1  alone,  the  input  noise  is  about  -1U2 
dBm/Hz,  and  the  total  output  noise  is  -133.5  dBm/Hz,  or  8.5  dB 
higher.  This  is  a  severe  degradation  in  the  noise  floor.  However, 
if  we  were  to  connect  each  transmitter  to  a  separate  antenna  and 
energize  them  simultaneously,  the  noise  would  be: 


-142  dBm/Hz 
4  7  dB 

Nr  -135  dBm/Hz 


Thus,  for  this  point  of  view,  the  noise  of  the  multicoupler 
is  only  1.5  dB  higher. 

One  goal  of  the  design  assessment  is  to  improve  performance. 
The  IMD  Noise  and  analysis  show  that  both  of  these  parameters  could 
be  Improved  if  some  selectivity  could  be  added  to  the  cascode 
amplifier  stages. 
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B.5  ALTERNATE  APPROACHES 

the  FQR  briefly  dieouased  an  early  version  of  an  alternate, 
non-ferrite,  broadband  circuit  for  the  transmit  section  (page  20), 
and  some  of  the  difficulties  arising  from  its  use,  namely  back 
intermodulation,  and  enchancement  of  the  noise  floor.  An  increase 
in  the  selectivity  of  the  amplifiers  was  needed  but  in  that  scheme, 
each  amplifier  had  to  cover  the  full  30  -  88  MHz  bandwidth. 

An  interim  scheme  was  then  devised  to  provide  the  necessary 
selectivity,  but  at  the  expense  of  frequency  coverage.  The  approach 
was  that  of  a  channelized  amplifier  array,  and  is  shown  in  Figure  B~8. 

This  arrangement  would  take  the  5  transmitter  RF  input  lines 
and  switch  them  to  10  available  narrow  band  amplifiers.  The  narrow 
band  feature  of  the  amplifiers  is  obtained  by  fixed  tuned  filters  in 
the  amplifier  output  network.  The  amplifiers  are  Class  A  push-pull 
cascades.  Each  channel  will  have  2  pole  response  with  an  effective 
loaded  0  of  121  to  provide  about  MO  dB  of  isolation  at  +/-  6.Mt  of 
center  frequency.  This  isolation  will  prevent  signals  from  adjacent 
channels  from  generating  excessive  back  intermod  products.  Also, 
the  use  of  push-pull  circuitry,  and  Class  A  operation  will  reduce 
the  back  intermod  problem  to  an  acceptable  level. 

The  10  way  combiner  will  incur  a  10  dB  forward  loss,  and 
provide  about  20  to  25  dB  isolation  between  channels. 

The  main  disadvantage  of  this  scheme  is  the  severe  loss  of 
channel  space.  At  30  MHz,  the  3  dB  bandwidth  is  30/121,  =  ■♦■/-12M 
KHz.  With  25  KHz  spacing,  this  allows  use  of  only  M  to  5  channels. 

If  the  isolation  requirements  can  be  eased,  such  that  20  dB 
isolation  is  provided  by  the  filters  (QL  =  78),  then  the  3  dB 
bandwidth  is  increased  to 

=  +/-  192  KHz  at  30  MHz 

78 

With  this  degree  of  isolation,  about  7  channels  are  available  at  30 
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MHz.  Now,  as  frequency  is  increased,  the  number  of  channels 
available  for  each  amplifier  is  increased  also,  since  the  bandwidth 
is  increased.  The  total  number  of  channels  available  with  this 
scheme  is  221,  out  of  a  possible  2320.  However,  more  flexibility 
could  be  obtained  with  the  use  of  snap  in  filters  to  move  the 
channels  about  as  desired. 

b.6  hybrid  two  antenna  system 

The  system  described  in  B5  is  not  flexible  enough,  in  tnat  too 
many  channels  are  lost.  However,  this  led  to  another  concept,  which 
is  shown  in  Figure  B-9. 

This  circuit  combines  some  features  of  the  single  antenna 
scheme.  It  uses  an  ultra  linear  isolation  amplifier  after  the 
transmit  combiner  to  eliminate  tne  need  for  any  antenna  isolation  or 
tuning  compensation  wnatsoever.  The  receiving  section  could  use 
combining  circuitry  similar  to  that  of  the  TD1288.  The  rationale 
for  the  receiving  section  is  tnat  antenna  pulling  is  a  much  less 
severe  problem  in  the  receive  mode  than  in  transmit. 

A  2  pole  nelical  filter  is  used  in  the  receiving  multiplexer 
instead  of  the  3  pole  filter  used  in  the  TD1288.  The  antenna 
isolation  (nominal  -  20  dB),  and  the  use  of  physically  larger 
resonators,  could  provide  more  tnan  enough  isolation. 

The  T/R  switching  units  are  snown  as  separate  units  to 
emphasize  tne  need  for  shielding  between  units.  The  RF  switch  used 
for  tne  T/R  function  has  an  additional  set  of  contacts  to  short  the 
receive  port  wh*»n  the  transceiver  is  in  the  transmit  mode.  For 
example,  let  transceiver  i1  be  transmitting  at  30.000  MHz,  and 
transceiver  #1  receiving  at  30.750  MHz  (■*■  2.5*).  The  2  pole  nelical 
filter  associated  with  transceiver  #1's  receiver  multiplexer  is 
tuned  to  30.000  MHz,  even  in  the  transmit  mode.  Any  leakage  in  the 
transceiver  #1  T/R  switch  will  pass  through  this  filter,  to  the 
summing  point,  and  cause  possible  interference’  «-r  IMD  distortion  for 
tne  other  channels. 

In  the  transmit  mode,  RF  power  is  passed  through  the 
quad-coupled  filters  as  in  tne  single  antenna  circuit.  Tne 
compensating  networks  are  still  used,  but  not  shown  herein. 
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The  ouput  resonator  and  combining  scheme  Is  like  that  shown 
for  the  single  antenna  oiroult.  Tnus,  with  this  combining  scheme, 
the  back  Intermod  problem  is  not  present. 

The  combiner  now  operates  into  a  low  gain,  ultralinear  feed 
forward  R.F.  amplifier.  This  amplifier  isolates  the  combiner  from 
tne  antenna  VSWR.  It  simplifies  the  combiner  and  compensating 
network  design  by  tne  virtue  of  its  well  controlled  input  impedance. 
There  is  no  need  to  measure  the  antenna  Impedance  and  compute  the 
needed  correction  factors. 

The  main  disadvantage  to  this  scheme  is  the  need  for  2  sets  of 
RF  filters,  one  for  receive  and  one  for  transmit.  However,  it 
extremely  flexible. 

The  linearity  requirements  of  the  amplifier  are  indeed 
rigorous,  the  IMD  required  performance  would  be  -120  dBc.  Feed 
forward  techniques  will  provide  about  20  dB  of  Improvement,  hence 
the  amplifiers  themselves  must  have  IMD  performances  of  -100  dBc. 
The  linearity  requirements  will  result  in  low  efficiency,  about  10 
percent  or  so,  and  the  need  for  a  feed-forward  type  circuit  will  cut 
tnis  in  half,  to  about  5  percent.  Thus  the  RF  and  DC  power 
requirements  for  the  amplifier  are  large,  as  shown  in  TableB-1: 


NO.  of  Simultaneous  RF  Power 
Channels  in  Transmit  Per 

Channel 

(watts) 

5  60 

5  JtO 

3  *10 


Required 
Peak  RF 
Power 
(Watts ) 
3000 
2000 
720 


Required  DC 
Power  55t 
Efficiency 
(Watts) 

60  KW 
40  KW 
14.4  KW 


TableB-1  Power  Requirements 


An  amplifier  with  tne  above  D.C.  power  requirement  is  not  practical 
for  field  operation.  Future  effort  on  the  two  antenna  approach  will 
be  limited  to  those  wnich  do  not  require  amplifiers  to  buffer  the 
variations  in  antenna  impedance. 
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Note:  The  above  was  written  prior  to  the  development  of  the  single 

antenna  output  combiner. 

b.7  system  requirements 

FigureB-10  shows  the  system  requirements  for  the  Dual  Antenna 

FHMUX. 

A  minimum  antenna  isolation  of  -15  is  assumed.  The  power  level 
of  Fo  Is  scaled  down  by  the  value  of  the  antenna  isolation  to  +33 
dBm,  or  2  watts.  Curve  A  is  also  scaled  down  by  15  dB,  but  any 
noise  filtering  action  as  a  result  of  tne  transmitter  FHMUX  is  not 
shown. 

As  snown,  at  +2%  of  Fo,  about  -26  dB  of  filtering  is  needed, 
and  at  IX,  about  -38  dB  is  needed.  These  filtering  requirements  are 
less  than  those  for  the  single  antenna  system. 
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APPENDIX  C  LOAD  PULLING  STUDY 

C.l  FILTER  APPLICATIW  ft  LOAD  PDLLING  STUDY 

A  sinale  tuned,  hiah  Q  filter  was  computer  analyzed 
and  optimized,  using  a  GTE  prograun  called 

"NET  ADJUST".  The  output  section  of  the  circuit  was  composed 
of  an  all  inductive  "T"  circuit  which  will  later  be  modelled  into 
a  transformer  to  provide  the  output  power  combining  function. 

A  total  of  twenty  optimization  runs  were  made  to  achieve 
the  desired  response  according  to  the  frequency  versus  atter 
uation  weighting  values  assigned.  Three  center  frequencies 
were  used,  and  three  values  of  "Q*  were  assigned  to  element  , (Figc-2) 

which  will  be  modelled  into  the  transformer  previously  ment  sd. 

The  center  frequencies,  "Q",  frequency  range,  and  atte  .. 
tion  goals  are  listed  below,  in  Tables  C~1  andC-2.  These  intirial 
goals  were  derived  from  previous  work  on  an  agile  HF  band  antenna 
(single  channel)  tuner.  Thus,  two  of  these  circuits  would  present 
•35  dB  of  isolation  at  ^5t  of  the  channel  center  frequency. 

These  were  initial  goals  used  to  evaluate  the  tradeoff  between 
Insertion  loss  at  mid-band  and  off  frequency  isolation. 


Table  c-l  Frequencies  and  Element  D 


CENTER 

"Q" 

FREQUENCIES 

ELEMENT 

(MHz) 

L3 

30.0 

1130 

51.0 

1130 

51.0 

1473 

88.0 

1130 

88.0 

1935 

TABLE  C- 2 

FREQUENCY  AMD  ATTENUATION  GOALS 


FREQUENCY 

RANGE 

ATTENUATION 

GOAL 

(dB) 

FO 

0 

Fo  +/-.375% 

-1.5 

Fo  +/-. 75% 

-5.0 

Fo  +/-  5% 

-17.5 

Fo  +/-  10% 

-22.5 

Fo  +/-  15% 

-27.0 

Fo  +/-  20% 

-30.0 

A  typical  result  of  the  optimization  process  is  Run  17,  shown 
in  Figure  c-1.  This  run  is  for  a  "Q"  of  1130,  at  a  center 
frequency  of  51  MHz.  The  mid-band  insertion  loss  is  0.54  dB, 
and  the  +/-5%  insertion  loss  is  in  excess  of  17.5  dB.  The 
loaded  Q  was  calculated  to  be  78.5.  This  run  was  typical,  in 
that  the  filter  skirts  were  close  to  this  design  goal,  and  the 
mid-band  insertion  loss  varied  between  .5  and  1.0  dB.  The 
weighting  value  assigned  to  each  frequency  was  equal.  Five  runs 
were  made  under  the  conditions  of  geometric  symmetry  about  the 
center  frequency,  and  equal  attentuation  weighting.  These  results 
are  shown  in  Figure c-2.  This  figure  showed  the  spread  of  values 
for  each  element  in  the  circuit.  It  was  encouraging  to  note  that 
the  three  elements  to  be  modelled  into  the  transformer  did  not 
vary  appreciably.  Element  L5  changed  by  a  factor  of  about  1.7, 
and  element  C4  changed  by  factor  of  8.5.  C4  is  performing  a 
dual  function,  that  of  impedance  matching  and  resonating  the 
filter. 
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C.2  LOAD  PULLIMG  ' 

A  brief  investigation  was  performed  to  determine  the 
effect  on  the  filter  perfonaance«  and  verify  the  need  for  com¬ 
pensating  networks  which  correct  for  antenna  VSHR. 

The  antenna  VSWR  is  specified  at  3.5:1  which  will  incur  a 
1.6  dB  loss  in  transmitted  power,  even  if  the  filter  performance 
is  unaffected.  Four  computer  runs  were  made  using  the  COMPACT 
Microwave  Analysis  progreun,  with  a  3.5:1  load  VSWR.  Two  earlier 
runs  were  made  with  lesser  VSWR,  and  are  not  significant. 


Load  3  was  rotated  from  4120  to  4120  degrees 
Load  4  was  rotated  from  4  60  to  -  60  degrees 
Load  5  was  rotated  from  4150  to  4  30  degrees 
Load  6  was  rotated  from  -  30  to  -  15  degrees 


(Figure  C-3) 
(Figure  C-3) 
(Figure  c-6) 
(Figure  C-6) 


The  data  is  tabulated  in  Table  c-3.  The  optimization  was  only 
effective  in  one  case.  Load  5  had  the  most  severe  effect  on 
mid  band  insertion  loss,  and  load  6  had  the  most  effect  on  the 
skirts.  This  data  points  out  the  need  for  specific  antenna  VSWR 
data. 

Thus,  a  more  complex  tuned  circuit  seems  to  be  needed. 

The  addition  of  a  closed  loop  frequency  hoppable  antenna 
tuning  capability  for  each  channel,  with  the  attendant  impedance 
measuring  circuitry  is  (at  this  time) ,  an  unwanted  complication. 
It  may  be  sufficient  for  the  system  to  operate  on  a  -  priori 
antenna  impedance  data  as  reflected  back  into  the  tuned  circuits 
and  use  the  data  to  compute  a  "best  fit"  solution  for  each 
channel. 
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The  following  pages  show  the  actual  compute  data  files / 


analysis,  and  optimization,  for  loads  1  through  6. 


rQ<hL€  c-6 

^A3Ct.lfOC  .2  ,  in  cOtTH  ^MM  LoaO. 

POLAR  8-PARAHETERS  IN  50.0  OHM  SYSTEM 


F 

811 

821 

S12 

S22 

S21 

MHZ 

(MAGN<ANOL) 

( 

MAQN<ANOL) 

(  MAGN<ANOL) 

<MAGN<ANGL) 

DB 

41.8 

(1.00< 

4) 

< 

0.04<  -47) 

<0.041<  -47) 

(1.00< 

81) 

-27.80 

43.9 

(1.00< 

3) 

< 

0.05<  -49) 

(0.050<  -49) 

(1.00< 

7B) 

-25.98 

46.1 

(1.00< 

1) 

< 

0.07<  -51) 

(0.069<  -51) 

<1.00< 

74) 

-'23.17 

48.1 

<0.99< 

0) 

( 

0.11<  -55) 

(0.112<  -55) 

<0.99< 

70) 

-19.00 

50.6 

(0.77< 

-35) 

( 

0.60<  -90) 

(0.603<  -90) 

(0.77< 

39) 

-4.40 

50.8 

(0.52< 

-54) 

< 

0.80<-109) 

<0.B01<-109) 

(0.54< 

26) 

-1.93 

51.0 

<0.03<- 

116) 

< 

0.94<-139) 

(0.940<-139) 

(0.13< 

62) 

51.2 

(0.49< 

67) 

< 

0.82<-170) 

(0.B18<-170) 

<0.50< 

119) 

-1.75 

51.4 

<0,76< 

47) 

< 

0.61<  169) 

(0.612<:  169) 

<0.76< 

106) 

-4.26 

53.6 

<0.99< 

12) 

< 

O.IK  134) 

<0.109<  134) 

(0.99< 

75) 

-19.25 

56.4 

<1.00< 

8) 

< 

0.05<  129) 

(0.050<  129) 

( 1 . 00< 

70) 

-25.98 

59.2 

<1.00< 

6) 

( 

0.03<  126) 

<0.031<  126) 

(1,00< 

66) 

-30.24 

62.2 

<1.00< 

5) 

( 

0.02<  124) 

(0.021<  124) 

(1.00< 

63) 

-33.47 

***»**************»*ilr*i>  ■*'**«*■ 

TrteLc  c-7  ^AJA^/s/s  cJtTTf 

POLAR  S-PARAMETERS  WITH  COMPI  EX  LDhT:  ANI:  ^rUIRCC 

_ ,LX>A^  tPJL 


MHZ 

SOURCE 

:  IMP. 

(R.JX)  OHM 

M-OAM 

ihr. 

..'X>  OHMS 

41.810 

( 

so.oo> 

0.0 

) 

( 

39.00. 

10.00) 

43.920 

< 

SO.OOt 

0.0 

) 

( 

45.00. 

11.00) 

46.150 

< 

50.00» 

0.0 

) 

( 

48.00. 

12.00) 

48.510 

< 

50.00. 

0.0 

) 

( 

52.00. 

9.00) 

50.620 

( 

50.00. 

0.0 

) 

< 

54 . 00. 

6.00) 

50.810 

< 

50.00. 

0.0 

) 

( 

5c/ .  0(* . 

3.00) 

51.000 

< 

50.00. 

0.0 

) 

( 

59.00. 

0.0  ) 

51.190 

< 

50,00. 

0.0 

) 

( 

56.00. 

-3.00) 

51.380 

< 

50.00. 

0.0 

) 

( 

54.00. 

-6.00) 

53.610 

( 

50.00. 

0.0 

) 

( 

52.00. 

-9.00) 

56.350 

( 

50.00. 

0.0 

) 

( 

4B.00. 

-12.00) 

59,220 

< 

50.00. 

0.0 

) 

< 

45.00. 

-11.00) 

62,210 

( 

50.00. 

0.0 

) 

( 

44.00. 

-10.00) 

F 

Sll 

S21 

SI 

S22 

S21 

MHZ 

<MAGN<ANGL) 

< 

MAGN <ANGL> 

(  MAGN  ; 

ANGL) 

(MAGN  < 

ANCL ) 

DU 

41.8 

<1.00< 

4) 

( 

0.04< 

-57) 

(0.035< 

-57) 

< 1 .00  • 

59) 

-29.08 

43.9 

(1.00< 

3) 

< 

0.04< 

-56) 

<0.044 

-56) 

<l  .00  • 

63) 

-27.09 

46.1 

( 1 . 00< 

1) 

< 

0.06< 

-57) 

(0.062< 

-57) 

<1.00 

63) 

-24.22 

48.5 

<0.99< 

-1) 

( 

0.1 2< 

-59) 

(0.118 

-59) 

<0.99< 

64) 

-18.5/. 

50.6 

(0.77< 

-36) 

( 

0,60< 

-90) 

(0.599< 

-90) 

<0.78  < 

41  ) 

-4.45 

50.8 

<0.49< 

-57) 

< 

0.82<- 

109) 

<0.816 : 

-109) 

<0.51< 

30) 

-1.76 

51.0 

(0.05< 

95) 

< 

0.94<- 

138) 

<0.941< 

-138) 

(0. 12< 

100) 

51.2 

<o,ri< 

63) 

< 

O.Bl<- 

166) 

<0.813< 

-166) 

<0.51< 

132) 

-1.7V 

51.4 

<0.75< 

45) 

0.63< 

175) 

<0,630< 

175) 

<0.75< 

120) 

-4.01 

53.6 

<0.99< 

12) 

< 

0.12< 

139) 

<0.1 19< 

139) 

<0.99< 

86) 

-18.48 

56.4 

<1.00< 

8) 

( 

0.06< 

133) 

(0.056< 

133) 

<1 ,00  ; 

77) 

-25.03 

59.2 

(1.00< 

6) 

( 

0.03< 

128) 

<0.034< 

128) 

< 1 . 00< 

69) 

-29.48 

62.2 

(1.00< 

6) 

< 

0.02< 

124) 

(0.023< 

124) 

<1 .00< 

63) 

-32.90 

C-16 


/lAJ^JLys/s^  rH^  JLod^  eS 

LIST  ^ 

00010  INO  AA  SC  3077  i>S 
00020  CAP  BB  PA  25  «-•» 

00030  INO  CC  SE  414  1130  51 
00040  INO  DO  PA  35.5 
OOOSO  INO  EE  SC.  179.5 
00060  CAX  AA  EE 
00070  PRI  AA  S3 
00080  ENO 


Tfidc^  C-8 

.Z^TTT 

F74-£- 


00090  41.81  43.92  46.15  48.51  50.62 
00100  50.81  51  51.19  51.38  53.61 
00110  56,35  59.22  62.21 
00120  END 


00130  50 
00140  50 
00150  50 
00160  SO 
00170  50 
00180  SO 
00190  50 
00200  SO 
00210  50 
00220  SO 
00230  SO 
00240  50 
00250  SO 
00260  ENO 


LJ 

25 

26 

-3 

0 

L.5 

Ql>l|JO 

39 

20 

J077 

Hit 

60 

33 

/Vv-v-v—- 

f— ./vvw. 

90 

21 

s. 

IT 

98 

10 

C.i  'I 

p 

100  0 

AS  J 

1 

98 

-10 

7 

90 

-21 

60 

-33 

39 

-20 

c.  CA<<U>i  f~ 

26 

0 

25 

3 

POLAR  S-PARAMETERS  WITH  COMPLEX  LOAD 


F  MHZ 

SOURCE  IMP. 

(R,JX)  OHMS 

LOAD 

IMP.  (R, 

JX>  OHMS 

41.810 

( 

50.00, 

0.0 

) 

( 

25.00, 

-3.00) 

43.920 

( 

50.00, 

0.0 

) 

< 

26.00, 

0.0  ) 

46.150 

< 

50.00, 

0.0 

> 

( 

39.00, 

20.00) 

48.510 

< 

50.00, 

0.0 

) 

( 

60.00, 

33.00) 

50.620 

< 

50.00, 

0.0 

) 

< 

90.00, 

21.00) 

50.810 

( 

50.00, 

0.0 

) 

( 

98.00, 

10. OO) 

51.000 

( 

50.00, 

0.0 

) 

( 

100.00, 

0.0  ) 

51.190 

( 

50.00, 

0.0 

) 

( 

98.00, 

-10.00) 

51.380 

< 

50.00, 

0.0 

) 

( 

90.00, 

-21 .00) 

53.610 

( 

50.00, 

0.0 

> 

( 

60.00, 

-33.00) 

56 . 350 

< 

50.00, 

0.0 

) 

( 

39.00, 

-20.00) 

59.220 

< 

50.00, 

0.0 

) 

< 

26.00, 

0.0  > 

62.210 

( 

50.00, 

0.0 

) 

( 

25.00, 

3.00) 

F 

Sll 

S21 

S12 

S22 

S21 

MHZ 

(MAGN<AN6L) 

< 

MAGN<ANGL ) 

(  NAGN<ANGL) 

(MAGN<ANGL> 

DB 

41.8 

( 1 . 00< 

4) 

< 

0.04< 

-63) 

<0.037< 

.-63) 

(1 .00< 

49) 

-28.74 

43.9 

(1,00< 

3) 

< 

0.04< 

-65) 

(0.043< 

-65) 

( 1 . 00< 

46) 

-27.32 

46.1 

< 1 . 00< 

1) 

( 

0.05< 

-64) 

(0.054< 

-64) 

(1.00< 

49) 

-25.39 

48.5 

<0.99< 

-2) 

< 

0.10< 

-61) 

<0.101< 

-61) 

(0.99< 

59) 

-19.89 

50.6 

(0.73< 

-44) 

< 

0.64< 

-85) 

<0,637< 

-85) 

(0.74< 

60) 

-3.92 

50.8 

<0.34< 

-76) 

< 

0.88<- 

106) 

<0.879<- 

106) 

(0.3B< 

60) 

-1.12 

51.0 

<0.27< 

86) 

< 

0.90<- 

136) 

<0.904<- 

136) 

<0.30< 

158) 

-0.88 

51.2 

<0.65< 

54) 

< 

0.72<- 

158) 

<0.719<- 

158) 

<0.65< 

161) 

-2.87 

51.4 

(0.80< 

39) 

( 

0,57<- 

167) 

<0.570<- 

167) 

(O.BO< 

160) 

-4.88 

53.6 

(0.99< 

12) 

< 

0.14< 

158) 

(0.143< 

158) 

(0.99< 

125) 

-16.88 

56.4 

(1.00< 

8) 

< 

0.06< 

131) 

(0.060< 

131) 

(1.00< 

74) 

-24.44 

59.2 

<1.00< 

6) 

< 

0.03< 

112) 

<0.025< 

112) 

( 1 . 00< 

37) 

-32.00 

62.2 

(1.00< 

6) 

< 

0.02< 

109) 

<0.016< 

109) 

( 1 . 00< 

33) 

-35.77 

C-18 


The  effects  of  loads  1  &  2  were  not  severe,  because  the 
VSWR  was  low  at  the  center  frequency.  Also,  the  load  in^edances 


were  real  at  the  center  frequencies. 

It  was  thus  decided  to  investigate  the  effects  of  a  "worst 
case"  AS  3166/GRC  antenna,  namely  a  "constant  3.5:1  VSWR.  The 
"VSWR"  circle  is  divided  into  4  cases. 

Load  3  -i20  to  +120  degrees 

Load  4  +60  to  -60  degrees 

Load  5  +150  to  +30  degrees 

Load  6  -30  to  -150  degrees 

The  following  table  was  derived  to  provide  accurate  load 
data  for  this  investigation. 
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te-..  50.  ZOf" 

I-  ;«.  5555556  >\  WflCr . 

pec; 

l  3.  500Q0045:i:  ./ySBR 


li'  ^ 

[  ivsse'STjPra  Jv/ ^  R 
F  4.0146280#  JX 

f  ■8.50000045  :'VSUR 

.»»  -.'•  . .  ■ 'iL;'  ■.■'.•• 

'  X£SU  DEC 
I  14.69258184  V.  R 
8.076149532  '  '..JX 

;  .  3,50000045  '  VS«R 

-  .  ■■  '  ■  .  ■ 


150. 

15. 22216397 
'  12.2320979 

3. 50000045 

’  ‘140; 

16. 00511964 
16.  5341156 

3.50000045 

130. 

17.  08870632 
21.03864188 
c  3.  50000045 

■fV*'- 

:• ':  ••120.' 

V  18.  5430441 
25.80870485 
'3. 5O0OOO45 

' 

:  V  »  -  iiov 
-20.  47035532 
30.91505254 
3.50000045, 

-  ^100. 
02Q94867 
^6/  4358^69 


:^vsuf?: 

DEC 

R 

JX 

VSBR 

DEG 
:  .« 

JX 

VSBR 

DEG* 

2 

:  JX 
VSUR 


DEC^n 

R 

JX 

VSUR 

OEG 

VSUR 


Cf25d3627 H-/ 
i.  1 1801333 


*  •  I  .  «V44I 


I, -58,  15267485 
r  71.  59426099 
^'  3,  50000045 

i‘"-V  ..4  ■  :'■  ■ 

ff-  ■:■  iv  40. 

75.’56131006 
••  78, 05873769. 

t-p..  50000045 

->-V. 

V-  ■  -.  .30*- 

99. 79430459 
80. 19186405 
3. 5000Q045 


l-yv  20, 

Er  130.6722069 
i.  71.  82728633 
:.3,,50000045 

•'  lO. 

161.2225239 
44. 99357418 
K-  'p.  5OOOOO45 

-V  ^ 

i  ■  •'vO. 

i  175.  0000225 

fei%doodd45 

f 

2225839 
*■44.99357418 
!::  3. 50000045 

»v-- ■  •  , 


PEC 

H  JX 
I  VSUR 


*  DEG 

■  R 
JX 

.  /  VSUR 

•  DEC 

R 

,  JX 
VSUR 

DEC 

.■  R 

JX 

VSUR 

DEG 

R 

JX 

<,Jf8WR 

V 'dec 

■  R 
JX 

'  ;  Ji^SWR 

*  •EC 

v-JX 

‘VSUR 


|75.Si^l3i^ 
rj^, 05873761 


iwaii 

^3.  5d000045 

■'•-•■.■>; 

4'?."  ■  --SO. 
45.90163576 
-63. 88712464 
.  3. 50000045 

'V- '  -V- ;  'v  > 

.  -50. 

58.S^26748; 
-7l.59Z2p9l 
3.55P0004! 

-70. 

37.22503627 
r -56. 21801333 
i  3.50000045 


‘  -80. 
30.98315988 
-49.03788324 

3.50000045 


I  •-.  r.  ..90, 

[  26.41509146 
[-42.45283198 
k  3.50000045 

I  :  .'-r. 

P  -100. 
^  23.  02094867 
r36.  43587669 
I  3, 50000045 

r.  tf 

•20.47055532 
r30. 9 1505254 
./3.  50000045 

I-  v  •>=-' 

L  '  • « 


Jt 


HECt 

16.  0051 1964 

^  ■  41 

Jf-16. 5341 156 

•  "JX 

■:  3.50000045 

V8UR 

«  ..i  .  . 

S'  <  -150. 

DEG 

i.  15,22216397 

R 

1  -12.2320979 

JX 

If*  3, 50000045 

.  ysUR 

-160.;- 

DEG 

14.69258184 

R 

' -8. 076149532 

JX 

3. 50000045 

ysuR 

-170.  . 

DEG 

jr'14.  38607D13 

R 

-4.  014828066 

,  JX 

r  3.50000045 

VSUR 

-180. 

DEG 

14.28571245 

R 

V  0. 

JX 

y  3. 5J0000045 

VSWR 

i  :  - 

^  41  « 

•  r-  ■ 

Figure  C-11 

Locus  of  points  for  loads 
3,  4,  5,  euid  6.  Taken 
every  10  degrees. 


Figure  C-11  (Continued) 
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XOAO  sS 


C-  9 


00010  IND  AA  8E-3077 
00020  CAP  BB  PA-2S 
00030  IND  CC  BE  414  1130  SI 
00040  IND  on  PA  35.5 
00050  IND  EE  9E-17P.S 
00060  CAX  AA  EE 
00070  PRI  AA  83 
00080  END 


Lr 

Soyy 


00090  41.81  43.92  46.15  48.51  50.62 
00100  50.81  51  51.19  51.38  53.61 
00110  56.35  59.22  62.21 
00120  END 

00130  50  0  18.5  -25.8 
00140  50  0  17.1  -21 
00150  50  0  16  -16.5 
00160  50  0  15  -12.2 
00170  50  0  14.7  -8.1 
00180  50  0  14  -4 
00190  50  0  14.3  0 
00200  50  0  14.4  4 
00210  50  0  14.7  8.1 
0O220  50  o  15.2  12-2 
00230  50  0  16  16.5 
0024('j  f,o  o  17.1  21 
00250  So  0  i8.5  26.6 

00260  t:.  ^y^l 

POLAR  8-PARAMETERS  WITH  COMPLEX  LOAD  #3 


<k.* 

*H1f 


F  MHZ 

SOURCE  IMP . 

(R+JX)  OHMS 

LOAD 

IMP.  (R+JX) 

OHMS 

A  i  .  1;-  I  0 

• 

5 ' ' .  i  ■  ( 1 . 

<).'■» 

'• 

18.54, 

-25.81) 

4^1 .  VI/' 1 

( 

5o .  ('(<  > 

.  1 .  .1 

. 

. 

17.09, 

-21.04) 

46.1 50 

< 

I*'.* 

1,. . 

1 

16.00, 

-16.53) 

48.510 

( 

5o . 00 » 

0 .  (< 

i 

15.22, 

-12.23) 

60 . 61.  0 

50 . 00 » 

0  I  >.  • 

> 

K 

14.70, 

-8.08) 

50. blO 

< 

!  Is' .  0(*  * 

O.o 

• 

■ 

14.39, 

-4.01) 

51.000 

( 

50 . 00 » 

0../ 

( 

14.30, 

0.0) 

51.190 

( 

5o.0o» 

o.<< 

) 

. 

14.90, 

4.00) 

51 . 380 

< 

So . 00  f 

0,(. 

) 

( 

14.70, 

8.10) 

5J.610 

( 

50.00. 

0.0 

> 

< 

15.20, 

2.23) 

56 .  w)50 

( 

60 . 00 » 

0  • 

( 

16.00, 

16.50) 

59.220 

< 

I.'(i .  00  • 

<• .  0 

1 

( 

17.10, 

21.00) 

62.210 

( 

60  .  Ov I . 

0 .  •> 

) 

( 

18.50, 

25.80) 

F 

Sll 

S21 

S12 

s'22 

S23 

MHZ  (MAGN<ANGL)  (  MAGN  .ANGl.) 

<  MAGN  CANGL)  <MAGfKANGl 

...)  DD 

X 

/9 


41.8 

< 1 .00  < 

4) 

< 

0.05:: 

-57) 

<0.051< 

-57) 

( 1 . 00 

60:, 

43.9 

(1.00 

3) 

< 

0 . 05< 

-65) 

<  0 . 053  :: 

-65) 

<1.00:. 

46? 

46.1 

( 1 . 00  : 

2) 

< 

0.06 

-71  ) 

<0.063 

-71 ) 

< 1 . 00  . 

36) 

-  24.<;r. 

48.5 

<0.99  ; 

-1 ) 

< 

0.1 0< 

-77) 

<0.098< 

-77) 

<0.99< 

27) 

-20.14 

50.6 

<0.90  : 

-28) 

< 

0.39  <- 

100) 

<0.394<- 

100) 

<0.9l< 

12) 

-8.0V 

50.8 

<0.80< 

-48) 

< 

0.53 

113) 

<0.526<- 

113) 

<0,B3< 

6) 

-5.58 

51.0 

JiLlL 

-t. 

_0.75<- 

142) 

<0.754<- 

142) 

<0.61.  < 

7) 

-2.45 

51.2 

<0.55< 

112) 

< 

0.72< 

169) 

<0.>25r  169) 

<'orr65 ! 

37) 

51.4 

(0.84< 

59) 

( 

0.46< 

140) 

(0.459< 

140) 

<0.87:; 

35) 

-6.76 

53.6 

<1.00< 

12) 

< 

0.06< 

107) 

(0.063< 

107) 

(1.00< 

22) 

-24.03 

56.4 

(1.00< 

8) 

< 

0.03< 

104) 

(0.028< 

104) 

(1.00  : 

20) 

-31.13 

59.2 

<1.00< 

6) 

( 

0.02< 

103) 

(0.017< 

103) 

(1.00< 

19) 

-35.59 

62.2 

< 1 . 00< 

5) 

( 

0.01< 

102) 

<0.011< 

102) 

(1.00  :; 

19) 

-38.92 

TABLE  C-10 


OPTiM  l•^.AT"l0^7 
UOAO  ^3 


00010  ZND  AA  8E  -3077  1-3 

00020  CAP  BB  PA  -25  CM 

00030  ZND  CC  8E  414  1130  51 

00040  ZND  DD  PA  35.5 

00050  ZND  EE  8E  179.5 

00060  CAX  AA  EE 

00070  PRZ  AA  83 

00080  END 

00090  41.81  42.21 

00100  48.51  53.41 

00110  51 

00120  END 


L-.5’  AMO  ^  ^  kTH 


00130 

50  0 

18.5 

-25.8 

00140 

50  0 

18.5 

25.8 

00150 

50  0 

15  -12.2 

00140 

50  0 

15.2 

12.2 

00170 

50  0 

14.3 

0 

00180 

END 

00190 

.1 

00200 

0  0  1 

-30 

LT 

00210 

0  0  1 

-17. 

5 

00220 

0  0  10  0 

00230 

END 

CIRCUIT  OPTIMIZATION  WITH  2  VARIABLES 

INITIAL  CIRCUIT  ANALYSIS! 

POLAR  S-PARAMETERS  WITH  COMPLEX  LOAD  ■ 

F  MHZ  SOURCE  IMP.  <R.JX>  OHMS  LOAD  IMP.  (R.JX)  OHMS 
41.810  (  SO.OOf  0.0  >  (  18.50r  -25.80) 

42.210  <  SO.OOf  0.0  >  (  IS.SOf  25.60) 

48.510  (  SO.OOf  0.0  )  (  IS.OOf  -12.20) 

53.410  <  SO.OOf  0.0  )  (  15.20f  12.20) 

51.000  <  SO.OOf  0.0  )  (  14.30f  0.0  ) 

F  Sll  S21  S12  S22  S21 

MHZ  <HAGN<ANGL)  (  hAGN<ANGL)  (  MAGNcANGL)  (MAGNCANCL)  DB 

41.8  <1.00<  4)  <  0.05<  -57)  <0.051<  -57)  (l.OO:!  60)  -25.81 

42.2  <1.00<  5)  (  0.01<  102)  <0.011<  102)  (1.00<  19)  -38.92 

48.5  <0.99<  -1)  <  0.10<  -77)  <0.098<  -77)  <0.99<  27)  -20.14 

53.4  <1.00<  12)  <  0.06<  107)  <0.063<  107)  (1.00<  22)  -24.03 

51.0  (0.50<-103)  (  0.75<-142)  <0.754<-142)  (0.61:;  7)  -2.45 

OPTIMIZATION  BEGINS  WITH  FOLLOWING  VARIABLES  AND  GRADIENTS 

VARIABLES!  GRADIENTS! 


1) ! 

3077.001 

(  1)! 

-377.805 

2)! 

25.000 

<  2)! 

-2911.366 

ERROR 

FUNCTION  = 

25.440 

— 

- - 

1)! 

3078.377 

(  1)! 

-10.928 

2)! 

25.087 

<  2)! 

1.378 

ERROR 

FUNCTION  « 

20.488 

A.  ^ 

- «««« - 

n 

1)! 

3252.118 

1  ►•ft"  *-5  <  1 )  ! 

-24.601 

/  ( 

2)! 

24.912 

roetJ  CM  (2)! 

-207.950 

"Error  function! 

_ _ 

20J^J4  Ot 

- »«»« - 


FRACTIONAL  TERMINATION  WITH  ABOVE  VALUES.  FINAL  ANALYSIS  FOLLOWS 

41.8  <1.00<  4)  <  0.05<  -57)  (0.049<  -57)  (1.00<  40)  -24.17 

42.2  (1.00<  5)  (  0.01<  102)  (O.OIK  102)  <1.00<  19)  -39.43 

48.5  (0.99<  -1)  <  0.10<  -77)  <0,097<  -77)  (0.99<  27)  t20.30 

53.4  <1.00<  11)  (  0.04<  107)  <0.058<  107)  <1.00<  22)  -24.74 

51.0  (0.32<-158)  (  0.83<-141 )  <0.e28<-141)  (0.48  19)  1.64 

C-23 


c-ii  Aw^c-zsiS 

00010  IND  AA  8E  3252  MCtO  uf 
00020  CAf>  BB  PA  24.912  K)£u)  bM 

00030  IND  CC  8E  414  1130  51  ' 

00040  IND  DD  PA  35*5 
00050  IND  EE  8E  179.5 
00060  CAX  AA  EE 
00070  PRl  AA  83 
00080  END 

00090  41.81  43.92  46.15  48.51  50.62 
00100  50.81  51  51.19  51.38  53.61 
00110  56.35  59.22  62.21 


00120 

00130 

END 
50  0 

18.5 

-25.8 

00140 

50 

0 

17.1 

-21 

00150 

50 

0 

16  - 

16.5 

00160 

50 

0 

15  - 

12.2 

00170 

50 

0 

14.7 

-8.1 

00180 

50 

0 

14  - 

4 

00190 

50 

0 

14.3 

0 

00200 

50 

0 

14.4 

4 

00210 

50 

0 

14.7 

S.l 

00220 

50 

0 

15.2 

12.2 

00220 

50 

0 

16  16.5 

00240 

50 

0 

17.1 

21 

00250 

50 

0 

18.5 

25.8 

or  OpTiK»r«o  CitfloiT- 

U/ 1 TH  LoA-0  3 

to  ir>^ 

'VjfcuJ  \/AH}&S  oF 

Ljr  ov  . 


POLAR  S-PARAMETERS  UlTH  COMPLEX  LOAD  **3- 


P  MHZ  SOURCE  IMP. 


41.810 

( 

50.00. 

43.920 

< 

50.00. 

46.150 

( 

50.00. 

48.510 

( 

50.00. 

50.620 

( 

50.00. 

50.810 

< 

50.00. 

51.000 

< 

50.00. 

51.190 

< 

50.00. 

51.380 

< 

50.00. 

53.610 

< 

50.00. 

56.350 

( 

50.00. 

59.220 

( 

50.00. 

62.210 

< 

50.00. 

.JX)  OHMS  LOAD 

0.0  )  < 

0.0  )  ( 

0.0  >  ( 

0.0  )  < 

0.0  )  < 

0.0  )  ( 

0.0  )  ( 

0.0  )  ( 

0.0  )  ( 

0.0  )  ( 

0.0  )  ( 

0.0  )  ( 

0.0  )  ( 


IMP.  <R.JX)  OHMS 


ID. 50. 

-25.80 ; 

17.10. 

-21.00) 

16.00. 

-16.50) 

15.00. 

-12.20) 

14.70. 

-B.IO) 

14.00. 

-4.00) 

14.30. 

0.0  ) 

14.40. 

4.00) 

14.70. 

8.10) 

15.20. 

12.20) 

16.00. 

16.50) 

17.10. 

21.00) 

18.50. 

?5.B0> 

P  811 

MHZ  <MAGN<ANGL) 


S21  S12 

MAGNCANGL)  <  MAGN<ANGL) 


41.8 

43.9 

46.1 

48.5 

50.6 
50.8 
51.0 

■STTT 

51.4 

53.6 

56.4 

59.2 

62.2 


(1.00< 

<1.00< 

(1.00< 

<0.99< 

<0.e7< 

<0.72< 

iaaJ2i=isz;_< 


4)  ( 
3)  ( 
2)  ( 
-1)  ( 
-31)  < 
-56)  ( 


<0.70< 

(0.90< 

(1.00< 

(1.00< 

(1.00< 

<1.00< 


76)  ( 
45)  ( 
11)  ( 
7)  < 
6)  ( 
5)  ( 


0.05<  -57)  <0.049 
0.05<  -65)  (0.051 
0.06<  -71) 


0.10<  -77) 
0.44<-103) 
0.61<-120) 
0.83<-161) 
0.61<  153) 
0.38<  132) 
0.06<  107) 
0.03<  104) 
0.02<  103) 
0.01<  102) 


-57) 
-65) 
<0.061<  -71) 
<0.097<  -77) 
(0.435<-103) 
<0.612<-120) 
<0.82e<-161) 

(0.611<  153) 
<0.376<  132) 
<0.058<  107) 
<0.026<  104) 
(0.016<  103) 
<0.011<  102) 
C-24 


S2:'  s?i 

(MAGN  ANCL)  DU 


(1.00 

60) 

SiuiT 

(1.00 

46) 

-25.84 

(1.00 

36) 

-24.34 

(0.99< 

27) 

-20.^0 

<0.89 

9) 

-7.22 

(0.76 

2) 

-4.2/ 

(0.48 

19) 

-  \  .AA 

(0.76  : 

41  > 

-4. 28 

(0.92  ' 

33) 

-8.50 

(1.00 

22) 

-24.74 

<1.00 

20) 

<1.00 

1'') 

-36.  i;’ 

(1.00 

IV) 

39.43 

1 


/^AJAJ^yS/S  iOtTH  d^OAO 


00010 

00020 

00030 

00040 

00050 

00060 

00070 

00080 

00090 

00100 

00110 

00120 

00130 

00140 

00150 

00160 

00170 

00180 

00190 

00200 

00210 

00220 

00230 

00240 

00250 

00260 


IND  AA  8E  3077 

CAP  BB  PA  25 

ZND  CC  SE  414  1130  91 

INO  DB  PA  -39*5 

IND  EE  SE  179*5 

CAX  AA  EE 

PRI  AA  S3 


41.81  43.92  46.15  48.51  50.62 

50.81  51  51.19  51.38  53.61 
56.35  59.22  62.21 

END 

50  0  45.9  64 
50  0  58.2  71.6 
SO  0  75.6  78.16 
50  0  100  80.2 
50  0  130.7  72 
SO  0  161.2  45 
50  0  175  0 
50  0  161.2  -45 
50  0  130.7  -72 
SO  0  100  -80.2 
50  0  75.6  -78 
50  0  58.2  -71.6 
50  0  45.7  -64  . 


MS 


JL3 

S/f 


/79-S 


//O  /»ss 

/S  -  A  T<MS 

^  ^aJ  is- 


POLAR  S-PARAMETERS  WITH  COHPLEX  LOAD 


F  MHZ 

SOURCE  IMP. 

(R.JX)  OHMS 

LOAD 

IMP.  (R.JX) 

OHMS 

41.810 

< 

SO.OOf 

0.0 

) 

< 

45.90. 

64.00) 

43.920 

< 

50.00. 

0.0 

) 

( 

58.20. 

71.60) 

46.150 

< 

50.00. 

0.0 

) 

< 

75.60. 

78.16) 

48.510 

< 

50.00. 

0.0 

) 

( 

100.00. 

80.20) 

50.620 

( 

50.00. 

0.0 

) 

< 

130.70. 

72.00) 

50.810 

< 

50.00. 

0.0 

) 

( 

161.20. 

45.00) 

51.000 

< 

50.00. 

0.0 

) 

( 

175.00. 

0.0  ) 

51.190 

< 

50.00. 

0.0 

) 

< 

161.20. 

745.60) 

51.380 

< 

50.00. 

0.0 

) 

( 

130.70. 

-72.00) 

53.610 

< 

50.00. 

0.0 

) 

( 

100.00. 

-80.20) 

56.350 

< 

50.00. 

0.0 

) 

( 

75.60. 

-78.00) 

59.220 

< 

50.00. 

0.0 

) 

( 

58.20. 

-71.60) 

62.210 

( 

50.00. 

0.0 

) 

( 

45.70. 

-64.00) 

F 

Sll 

S21 

S12 

S22 

S 

NHZ  (HAON<ANGL)  (  HAGN<ANGL)  <  HAGN<ANGL>  (HAGN  ANGL)  DD 


41.8  <1.00<  4)  (  0.02<  -67)  <0.023<  -67)  (1.00<  41)  -32.80 

43.9  <1.00<  3)  <  0.03<  -64)  <0.030<  -64)  (1.00:.  47)  -30.59 

46.1  <1.00<  1)  <  0.04<  -61)  <0.043<  -61)  <1.00:  5J)  -27.25 

48.5  <1.00<  -2)  <  0.09<  -58)  <0.087<  -58)  <1.00<  66) 

50.6  <0.76<  -52)  <  0.58<  -86)  (0.579<  -86)  <0.79<  65)  -4.75 

50.8  (0.34<-113)  (  0.e5<-107)  (0.853<-107)  (0.44<  90)  -1.38 

51.0  (0.4B<  86)  <  0.81<-135)  <0.807<-135>  (0.52<  170)  -l.B6_ 

*5172  <0.76<  90)  <  0.60<-144)  <0.603<-144)  (0.77<-165)  -4.39 

91.4  (0.86<  35)  (  0.48<-149)  (0.479<-145)  (O.B6<-149)  -6.39 

93.6  <0.99<  11)  (  0.12<-164>  (0.124<-164)  (0.99<-161)  -18^15 

96.4  (1.00<  8)  C  0.07<-170)  <0.071<-170)  <1.00<-169>  -22.99 

99.2  (1.00<  6)  <  0*09<  178)  (0.0S2<  178)  (1.00<  170)  -25.70 

62*2  (1.00<  5)  <  0.04<  162)  f0.040<  162)  (1.00<  139)  -28.06 

C-25 


00010  IND  Mk  8E  -3077 

00020  CAP  BB  PA  -25  C-H 

00030  IND  CC  SE  414  1130  SI 

00040  IND  DD  PA  35*5 

00050  IND  EE  8E  179.5 

00060  CAX  AA  EE 

00070  PPI  AA  S3 

00080  END 

00090  41.81  62.21 

00100  48.51  53.61 

00110  51 

00120  END 


OF  L..5  -AaJO  C  *\ 

L-O  A  O  ^  ^  , 

00130  50  0  45.9  64 
00140  50  0  45.9  -64 
00150  50  0  100  82 
00160  50  0  100  -82 
00170  50  0  175  0 
00180  END 
00190  .1 

00200  001  -30  LT 
00210  001  -17.5 
00220  0  0  10  0 


CO 


C-13 


CIRCUIT  OPTIMIZATION  WITH  2  VARIABLES 

INITIAL  CIRCUIT  ANALYSIS*.  , 

POLAR  S-PARAMETERS  WITH  COMPLEX  LOAD 


F  MHZ 

SOURCE  IMP. 

<R.JX)  OHMS 

LOAD 

IMP.  (R.JX) 

OHMS 

41.810 

< 

50.00. 

0.0  ) 

( 

45.90. 

64.00) 

62.210 

( 

50.00. 

0.0  ) 

< 

45.90. 

-64.00) 

48.510 

< 

50.00. 

0.0  ) 

( 

100.00. 

82.00) 

53.610 

( 

50.00. 

0.0  ) 

( 

100.00. 

-82.00) 

51.000 

< 

50.00. 

0.0  > 

< 

175.00. 

0.0  > 

F 

Sll 

S21 

S12 

S22 

S21 

MHZ  <MAGN<ANGL)  <  HAGN<ANGL)  (  MAGN<ANCL>  (MAGN<ANGL)  DB 


41.8 

62.2 

48.5 

53.6 


<1.00< 

<1.00< 

(1.00< 

<0.99< 

(0.48< 


4) 

5) 
-2) 
11) 
86) 


u.oi:-:..  -6/; 
0.04<  162) 
0.09<  -58) 
0.12<-163) 
0.81<-135) 


>  V  4  * 


<0.039<  162) 
(0.086<  -58) 
(0.123<-163> 
(0.807<-135) 


<1.00<  139) 
(l.OOC  65) 
<0.99<-159) 
(0.52<  170) 


OPTIMIZATION  BEGINS  WITH  FOLLOWING  VARIABLES  AND  GRADIENTS 


variables: 


<  1):  3077.001  < 

<  2):  25.000  ( 

ERROR  FUNCTION  »  10.597 

- - 

<  1):  3074.921  ( 

<  2):  24.873  < 

ERROR  FUNCTION  ■  5.874 


T  1):  3073.593  ( 

(  2) :  24.878  )  ®  *1  ( 

0(k(3k  I-UHLMIUN  -  5.870 

- *«»« -  " 

FRACTIONAL  TERMINATION  WITH  ABO 


GRADIENTS*. 

1 )  .* 

299.464 

2) : 

2277.981 

d: 

-2.979 

2)5 

-30.738 

1)5 

1 . 454 

2)5 

3.929 

VALUES.  FINAL  ANALYSIS  FOLLOWS 


41.8 

(l.OOC 

4) 

( 

0.02<  -67) 

(0.023C  -67) 

(l.OOC 

41)  -32.88 

62.2 

(l.OOC 

6) 

( 

0.04C  162) 

(0.040C  162) 

(l.OOC 

139)  -27.93 

48.5 

( 1 . OOC 

-1) 

( 

0.08<  -58) 

(0.082<  -58) 

(l.OOC 

65)  -21.68 

53.6 

<0.99< 

11) 

( 

0.13<-163) 

(0.130<-163) 

(0.99<- 

159)  -17.74 

au.0 

(O.IBC 

165) 

( 

0.91<-111) 

<0.905<-lll) 

(0.30< 

144)  -0.87 

C-26 


c-14  /^AJA^YS/S  £OirH 


00010 

00020 

00030 

00040 

00050 

00060 

00070 

00080 

00090 

00100 

00110 

00120 

00130 

00140 

00150 

00160 

00170 

00180 

00190 

00200 

00210 

00220 

00230 

00240 

00250 

00260 


IND  AA  SE  3077  - 

CAP  BB  PA  25 
IND  CC  8E  414  1130  SI 
IND  DD  PA  35.5 
IND  EE  SE  179.5 
CAX  AA  EE  *  " 

PRI  AA  83 
END 

41.81  43.92  46.15  48.51  50.62 

50.81  51  51.19  51.38  53.61 
56.35  59.22  62.21 
END 

50  0  15.2  12.2 
50  0  16  16.6 
50  0  17.1  21 
50  0  18.5  25.8 
50  0  20.5  30.9 
50  0  23  36.4 
50  0  26.4  42.5 
50  0  31  49 
50  0  37.2  56.2 
50  0  45.9  63.9 
50  0  58.1  71.6 
50  0  75.6  78 
50  0  99.8  80.2 
END 

POLAR  S-PARAHETERS  WITH  COMPLEX  LOAD 


^5 


MHZ  SOURCE  IMP.  (R 

fJX)  OHMS 

LOAD 

IMP.  (RfJX) 

OHMS 

41.810  < 

SO.OOf 

0.0 

) 

< 

15.20f 

12.20) 

43.920  < 

50.00f 

0.0 

) 

( 

16.00f 

16.60) 

46.150  < 

50.00» 

0.0 

) 

( 

17.10f 

21.00) 

48.510  < 

50.00f 

0.0 

) 

< 

18.50f 

25.80) 

50.620  ( 

SO.OOf 

0.0 

) 

( 

20.50f 

30.90) 

50.810  < 

SO.OOf 

0.0 

) 

< 

23.00f 

36.40) 

51.000  ( 

SO.OOf 

0.0 

) 

< 

26.40f 

42.50) 

51.190  < 

SO.OOf 

0.0 

) 

( 

31 .OOf 

49.00) 

51.380  < 

SO.OOf 

0.0 

> 

( 

37.20f 

56.20) 

53.610  < 

SO.OOf 

0.0 

) 

( 

45.90f 

63.90) 

56.350  ( 

SO.OOf 

0.0 

) 

< 

Se.lOf 

71.60) 

59.220  < 

SO.OOf 

0.0 

) 

( 

75.60f 

78.00) 

62.210  ( 

SO.OOf 

0.0 

) 

< 

99.80f 

80.20) 

F 

MHZ 


Sll 

<HAGN<ANGL) 


S21 

<  MAGN<ANGL) 


S12  S22  S21 

<  NA6N<ANGL)  <HAGN  ;;ANGL>  DB 


41.8 

< 1 . 00< 

4) 

< 

0.02< 

-75) 

<0.024<  -75) 

(1.00< 

24) 

-32.41 

43.9 

(1.00  < 

3) 

< 

0.03< 

-76) 

<0.028<  -76) 

(1.00:. 

23) 

-30.97 

46.1 

<1.00< 

1) 

( 

0.04< 

-78) 

<0.038<  -78) 

( 1 . 00< 

22) 

-28.41 

48.5 

(1 .00< 

-1) 

< 

0 . 07< 

-80) 

<0.068<  -80) 

( 1 . 00< 

21) 

-23.32 

50.6 

<0.90< 

-39) 

( 

0.36<- 

105) 

<0.362<-105) 

(0.92< 

13) 

-8.84 

50.8 

<0.74< 

-72) 

( 

0.55<- 

124) 

<0,554<-124) 

(0.81< 

12) 

-5.13 

51.0^ 

(0.47< 

176) 

_L 

T)-73<- 

166) 

(0.732<r-lA6.) 

(0.64< 

?a) 

-2.71 

51.2 

<0.77< 

77) 

< 

0.54< 

154) 

<0.537<  154) 

(0.82< 

42) 

-5.40 

51.4 

(0.91< 

47) 

< 

0.36< 

137) 

(0.35B<  137) 

(0.93< 

43) 

-8.93 

53.6 

(1.00< 

12) 

< 

0.06< 

116) 

(0.063<  116) 

(1.00< 

39) 

-24.07 

56.4 

(1.00< 

8) 

( 

0.03< 

116) 

(0.031<  116) 

(1.00< 

44) 

-30.29 

59.2 

(1.00< 

6) 

< 

0.02< 

119) 

<0.020<  119) 

(1.00< 

52) 

-33.94 

62.2 

(1.00< 

5) 

( 

0.02< 

124) 

<0.01S<  124) 

( 1 . 00< 

63) 

-36.46 

C-27 

OOOiO  IND  AA  SE  -3077  i-S, 

00020  CAP  BB  PA  -25  V  CS . 

00030  IND  CC  SE  414  1130  51, 

00040  IND  DD  PA  35.5 
00050  IND  EE  SE  179.5 
00060  CAX  AA  EE 
00070  PRI  AA  S3  " 

00080  END 
00090  41.81  62.21 
00100  48.51  53.61 
00110  51 
00120  END 

00130  50  0  15.2  12.2 
00140  50  0  99.8  80.2 
00150  50  0  18.5  25.8 
00160  50  0  58.1  71.6 
00170  50  0  26.4  42.5 
00180  END 
00190  .1 

00200  001  -30  LT 
00210  001  -17.5 
00220  0  0  10  0 
00230  END 

CIRCUIT  OPTIMIZATION  WITH  2  VARIADLCS 

INITIAL  CIRCUIT  ANALYSIS: 

POLAR  S-PARAMETERS  WITH  COMPLEX  LOAD  ♦S 

F  MHZ  SOURCE  IMP.  <R,JX)  OHMS  LOAD  IMP,  (R.JX)  OHMS 
41.810  <  SO.OOf  0.0  >  (  15,20.  12,20) 

62,210  <  50.00,  0,0  )  (  99.80,  80.20) 

48.510  (  50.00,  0.0  )  (  18.50,  25.80) 

53.610  <  50.00,  0.0  )  (  58.10,  71.60) 

51.000  <  50.00,  0.0  )  (  26.40,  42.50) 

F  Sll  S21  S12  S22 

MHZ  (MAGN<ANGL)  <  MAGN<ANGL )  (  MAGN<ANGL)  (MAGN  'ANGL)  DD 

41,8  <1,00<  4)  <  0.02<  -75)  (0.024<  -75)  (1.00<  24)  -32.41 

62.2  (1.00<  5)  <  0,02<  124)  <0.015<  124)  (1.00<  63)  *36.46 

48.5  (1.00<  -1)  <  0.07::  -80)  (0.068<  -80)  (1.00::  21)  -23.32 

53.6  <1.00<  12)  <  0,06<  119)  <0.065<  119)  (1.00:  46)  -23.76 

51.0  (0.47<  176)  (  0.73-166)  (0.732<-166)  (0.64<  28)  -2.71 

OPTIMIZATION  BEGINS  WITH  FOLLOWING  VARIABLES  AND  GRADIENTS* 

variables:  gradients: 


( 

d: 

3077.001 

( 

1): 

66 . 286 

( 

2): 

25.000 

( 

2): 

632. S29 

ERROR 

FUNCTION 

-  29.296 

(T 

1): 

3076.833 

US 

d: 

-12.820 

1l 

2): 

24.987 

< 

2): 

4.736 

ENRUk  ^ uni. II UN  *  29.165 

- «««« -  Cu;4Mr*-o  o.*  ) 

FRACTIONAL  TERMINATION  WITH  ABOVE  VALUES.  FINAL  ANALYSIS  FOLLOWS 

41.8  <1.00<  4)  <  0.02<  -75)  (0.024<  -75)  (1.00<  24)  -32.42 

62.2  (1.00<  5)  (  0.02<  124)  (0.015<  124)  (1.00::  63)  -36.44 

48.5  (1.00<  -1)  <  0.07<  -80)  <0.068<  -80)  (1.00::  21)  -23.36 

53.6  (1.00<  12)  <  0.07<  119)  <0,065<  119)  (1.00::  46)  -23.72 

51.0  <0.47<-172)  (  0.73<-163)  <0.733<-163)  (0.63<  26)  --2. 70 

C-28 


OTT  iPA  OF  V.5  ^ 

C-H  eOiTH  Lo^O  ^  S. 

C-15 


Xf^6L(z  c-16 

wsr  OF 
1.5  C*( 


•'  it 

«.©^^FA<.T  9Ui€€  9  ©FT-IOIO 

Altr  VAIt*CO  ClKWcTA*^C’eu»l./. 


Path  ©f  ntitoA. 

Vel^FiCS’  ofT|M«**.ATl«*4  PArv»«i»tCY  Pccf 

(Loii4  5"^ 


ERROR  FUNCTION  VALUES  WITH  TWO  COMPONENTS  VARYING 


VAR.  2 

250.00 

62.50 

31.25 

^25.0o”\  20.00 

10.00 

—  -  -  If 

2,50 

»»«»»«» 

««»*«»» 

»«««««« 

6615.76 

4290, 91C3815. 64^7264, 62 

8402. G2 

7692.50 

6796.64 

3773.79  ( 

r  1808. 92*^2359. 43 

4591.71 

5445.69 

3846.25 

9314.82 

5295.97 

2508.26 

r43l!80"51941.13 

3575.16 

4273.63 

/3077.QQ1 

8741.80 

4842.49 

2108.89 

g^'.30!D  1843.21 

3296.23 

3943.00 

2461.60 

8186.13 

4402.30 

1707.38 

(^316.05^  1764, 43 

3041.19 

3635.80 

1230.80 

6572.00 

3111.97 

092.16^ 

)  947.90  1693.56 

2399.31 

2834.60 

307.70 

3964.27 

^93.87^ 

71117.94 

1299.90  1440.44 

1706.22 

1888.64 

C-29 


u  o 


00010 

00020 

00030 

00040 

00050 

00060 

00070 

00080 

00090 

00100 

00110 

00120 

00130 

00140 

00150 

00160 

00170 

00180 

00190 

00200 

00210 

00220 

00230 

00240 

00250 

00260 


IND  P:A  SE  3076.833  _  VS 

CAP  BB  PA  24.982 

IND  CC  SE  414  11.30  51 

IND  DD  PA  35.5 

IND  EE  SE  1-79.5 

CAX  AA  EE 

PRI  AA  S3 

END 

41.81  43.92  46.15  48.51  50.62 

50.81  51  51.19  51.38  53.61 
56.35  59.22  62.21 

END 

50  0  15.2  12.2 
50  0  16  16.6 
50  0  17.1  21 
50  0  18.5  25.8 
50  0  20.5  30.9 
50  0  23  36.4 
50  0  26.4  42.5 
50  0  31  49 
50  0  37.2  56.2 
50  0  45.9  63.9 
50  0  58.1  71.6 
50  0  75.6  78 
50  0  99.8  80.2 


OF 

"OPTiMl7i.eX>  C. 
LoA  O 


kS 


Qt»U80 


k‘TTi.ir  Im  ^^v/ejAiejoT"” 

•Z-k.  ’  (8-  \^3  j  -  :i  s  i 

AT  ^ 

M  400A/OD- 


POLAR  S-PARAHETERS  WITH  COMPLEX  LOAD  AND  SOURCE 


MHZ 

SOURCE 

:  IMP. 

(R.JX)  OHMS 

LOAD 

IMP.  (R.JX) 

OHMS 

41.810 

< 

50.00. 

0.0 

) 

( 

15.20. 

12.20) 

43,920 

( 

50.00. 

0.0 

) 

( 

16.00. 

16.60) 

46.150 

( 

50.00. 

0.0 

) 

< 

17. 10. 

21.00) 

48.510 

< 

50.00. 

0.0 

) 

( 

18.50. 

25. CO) 

50.620 

< 

50.00. 

0.0 

) 

< 

20.50. 

30.90) 

50.810 

< 

50.00. 

0.0 

) 

( 

23.00. 

36.40) 

51.000 

< 

50.00. 

0.0 

) 

( 

26.40. 

42.50) 

51.190 

( 

50.00. 

0.0 

} 

( 

31.00. 

49.00) 

51.380 

( 

50.00. 

0.0 

) 

( 

37.20. 

56.20) 

53.610 

( 

50.00. 

0,0 

) 

( 

45.90. 

63.90) 

56.350 

( 

50.00. 

0.0 

) 

( 

58.10. 

71.60) 

59.220 

( 

50.00. 

0.0 

) 

( 

75.60. 

78.00) 

62.210 

< 

50.00. 

0.0 

) 

( 

99.80. 

80.20) 

E  Sll  S21  S12  S22 

MHZ  (MAGN<ANGL)  <  MAGN CANGL )  (  MAGN  ANGL >  (MAGN:ANCL) 


( 1.00' 
(1.00< 

( 1.00;: 

< 1 . 00< 

<  0 . 90< 
<0.76  < 
(0.47<- 

ToTtsT" 

( 0 . 90< 
(1.00< 

( 1 .00< 

( 1.00 
(1.00: 


(  0.02< 

(  0.03< 

(  0.04: 

(  0.07< 

(  0.35<- 
(  0.54<- 

<  0.73<- 

<  0.55< 

<  0.37< 

(  0.06< 

(  0.03< 

<  0.02:: 

(  0.02< 


<0.024< 
<0.028< 
<0.038< 
<0.068< 
<0.353<- 
(0.538<- 
(0.733 <- 
(0.553< 
<0.367< 
(0.063< 
(0.031< 

<  0 . 020<: 
(0.015< 
C-30 


(1.00  :: 
(1.00 < 
(1.00 < 
(l.OOC 
( 0 . 93  :: 
(0.82< 
(0«A3< 
(0.81< 
(0.92< 
(1.00< 
(1.00< 
(1.00;: 
(1.00 ;: 


-32.42 

-30.99 

-28.43 

-23.37 

-9.06 

-5.30 

72uZfl 

-5.14 

-8.70 

-24.02 

-30.26 

-33.92 

-36.44 


TliSLe^  c-i8‘ 


A>^AI-'<S»vS  tOiTM 

•♦r  6.. 
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00010  INO  AA  SE  3077 
00020  CAP.BB  PA  25 
00030  IND  CC  8E  414  1130  51 
00040  INO  DO  PA  35.5 
00050  IND  EE  8E  177.5  , 

00060  CAX  AA  EE 
00070  PRI  AA  83 
00080  END 

00090  41.81  43.92  46.15  48.51  50.62 
00100  50.81  51  51.19  51.38  53.61 
00110  56.35  59.22  62.21 
00120  END 
00130  50  0 
00140  50  0 
00150  50  0 
00160  SO  0 
00170  50  0 
00180  SO  0 
00190  SO  0 
00200  50  0 
00210  50  0 
00220  SO  0 
00230  SO  0 
00240  50  0 
00250  SO  0 
00260  END 

POLAR  S-PARAHETERS  COMPLEX  LOAD 


1.3 

«  •  u3* 
*»IN 


99, 

.8 

-80. 

2 

75. 

.6 

-78 

58, 

>2 

-71. 

6 

45. 

,9 

-63. 

9 

37. 

,2 

-56. 

2 

31 

49 

26. 

.4 

-42. 

5 

23 

36.4 

20. 

,5 

-30. 

9 

18. 

.5 

-25. 

8 

17. 

>1 

-21 

16 

- 

16.5 

15. 

,2 

-12. 

2 

Lt 


♦6 


MHZ 

SOURCE 

:  IMP. 

<R*JX)  OHMS 

LOAD 

IMP.  (R*JX) 

OHMS 

41.810 

< 

50.00* 

0.0 

) 

( 

99.80* 

-80.20) 

43.920 

< 

50.00* 

0.0 

) 

( 

75.60* 

-78.00) 

46.150 

< 

50.00* 

0.0 

) 

( 

58.20* 

-71.60) 

48.510 

< 

50.00* 

0.0 

) 

( 

45.90* 

-63.90) 

50.620 

< 

50.00* 

0.0 

) 

< 

37.20* 

-56.20) 

50.810 

< 

50.00* 

0.0 

) 

( 

31.00* 

-49.00) 

51.000 

< 

50.00* 

0.0 

) 

( 

26.40* 

-42.50) 

51.190 

( 

50.00* 

0.0 

) 

( 

23.00* 

-36.40) 

51.380 

< 

50.00* 

0.0 

) 

< 

20.50* 

-30.90) 

53.610 

< 

50.00* 

0.0 

) 

< 

18.50* 

-25.80) 

56.350 

< 

50.00* 

0.0 

) 

< 

17.10* 

-21 .00) 

59.220 

< 

50.00* 

0.0 

) 

( 

16.00* 

-16.50) 

62.210 

< 

50.00* 

0.0 

) 

( 

15.20* 

-12.20) 

811 

821 

4 

S12 

S22 

5 

F 
MHZ 


(HA6N<ANGL)  (  MAGN<ANGL)  (  MAGN<ANGL>  (MAGN<ANGL) 


DD 


41.8  (1.00< 

43.9  <1.00< 

46.1  <0.99< 

48.5  <0.97< 

50.6  (0.64< 
50.8  (0.61< 
51.0  (Q.52< 

51.2  (0.33< 

51.4  (0.40< 

53.6  (0.99< 

56.4  (1.00< 

59.2  (1.00< 

62.2  (1.00< 


4)  <  0.04< 
3)  (  0.06< 
1)  <  0,11< 
-2)  <  0.23< 
-12)  (  0.75< 
-12)  <  0.78< 
-13)  <  0.B4< 
-3)  <  0.92< 
47)  (  0.88< 
12)  <  0.13< 
8)  (  0.0S< 
6)  (  0.03< 
6)  (  0.02< 


14)  <0.043< 
14)  (0.063< 
6)  (0.10S< 
-12)  <0.228< 
-76)  <0.752< 
-94)  <0.778< 

ii2>  tQ>aa6tL 

136)  (0.916< 
169)  <0.881< 
122)  <0.126< 
113)  <0.048< 
108)  <0.026< 
105)  (0.016< 
C-31 


14)  (1,00< 
14)  (1.00< 
6)  (0.99< 
-12)  <0.97< 
-76)  (0.61< 
-94)  (0.57< 

112)  (0.47< 
■l36) 

169)  (0.37< 
122)  (0.99< 

113)  (1.00< 
108)  (1.00< 
105)  (1.00< 


154)  -27.34 
154)  -24.01 
168)  -19.55 
157)  -12.85 
42)  -2.48 

7)  -2.18 

-25)  -1.56 

■=1T)  -0.76 

142)  -1.10 

51)  -17.97 
37)  -26.35 
29)  -31.82 
24)  -36.03 


O  fT* » M  I'SLAT”  ^0  ivj 

LIST 

00010  IND  AA  8E  -3077  L5 

00020  CAP  BB  PA  -25  0*t 

00030  XND  CC  8E  414  1130  51 

00040  XND  DD  PA  35. 5 

00050  XND  EE  8E  179.5 

00040  CAX  AA  EE 

00070  PRX  AA  83 

00080  END 

00090  41.81  62.21 

00100  48.51  53.61 

00110  51 

00120  END 


CO  im 


00130  50  0  99.8  -80.2 
00140  50  0  15.2  -12.2 
00150  50  0  45.9  -63.9 
00160  50  0  17.1  -21 
00170  50  0  26.4  -42.5 
00180  END 
00190  .1 

00200  001  -30  LT 
00210  001  -17.5 
00220  0  0  10  0 
00230  END 


f 
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CIRCUIT  OPTXHXZATXON  WITH  2  VARIABLES 


INITIAL  CIRCUIT  ANALYSIS: 

POLAR  S-PARAMETERS  WITH  COMPLEX  LOAD  AND  SOURCE 


F  MHZ  SOURCE  IMP.  (RtJX)  OHMS  LOAD  IMP.  (R.JX)  OHMS 


41.810 

( 

50.00> 

0.0 

62.210 

< 

50.00f 

0.0 

48.510 

( 

50.00* 

0.0 

53.610 

< 

50.00* 

0.0 

51.000 

< 

50.00* 

0.0 

F  Sll  S21 

MHZ  <MAGN<ANGL>  (  MAGN<ANGL) 


) 

( 

99.80* 

-80.20) 

) 

( 

15.20* 

-12.20) 

) 

< 

45.90* 

-63.90) 

) 

( 

17.10* 

-21.00) 

) 

< 

26.40* 

-42.50) 

S12 

S 

22  S21 

< 

MAGN<ANGL)  (MAGN 

<ANCL)  DB 

41.8  (1.00<  4) 

62.2  <1.00<  6) 

48.5  <0.97<  -2) 

53.6  <0.99<  12) 


(  0.04<  14) 

<  0.02<  105) 

<  0.23<  -12) 
(  O.IK  118) 


51.0  <0.52<  -13)  (  0.84<-112) 


<0.043<  14) 
(0.016<  105) 
<0.22B<  -12) 
<0.112<  110) 
(0.836<-112) 


(1.00<-154)  -27.34 
(1.00<  24)  -36.03 
(0.97<  157)  -12.85 
(0,99<  43)  -19.05 
(0.47<  -25)  -1.56 


OPTIMIZATION  BEGINS  WITH  FOLLOWING  VARIABLES  AND  GRADIENTS 


variables: 

gradients: 

< 

D:  3077.001 

< 

d: 

-55.143 

< 

2):  25.000 

< 

2):  - 

492.936 

ERROR  FUNCTION 

■  11.069 

- «««« - 

- 

( 

D:  3078.430 

< 

d: 

0.620 

< 

2):  25.104 

< 

2): 

-0.586 

ERROR  FUNCTION 

*  10.061 

- $$*$ - 

- 

( 

1 ) :  V^02A*241 

L.y  < 

d: 

-0.229 

< 

2):  V2S..108 

< 

2) : 

-1.867 

ERROR  FUNCTION 

■  10.059 

- *$*$ - 

- 

RADIENT  TERMINATION 

WITH  ABOVE 

VALUES. 

FINAL  ANALYSIS  FOLLOWS 

41.8  (1.00< 
62.2  (1.00< 

48.5  <0.97< 

53.6  (0.99< 
51.0  <0.45< 


4)  (  0.04<  14)  (0.043<  14)  (1.00<-154)  -27.26 

6)  <  0.02<  105)  <0.016<  105)  (1.00<  24)  -36.14 

-2)  <  0.24<  -13)  <0.238<  -13)  <0.97<  156)  -12.49 

12)  <  0.11<  118)  <0.107<  118)  (0.99<  42)  -19.44 

-5)  (  0.87<-122)  (0.873<-122)  (0.39<  -56)  -1.18 
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250.00 


62.50  31.2: 


25.00  20.00 


10.00 
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7692.50 


3846.25 


3077.00 

2461.60 


1230.60 


«»«»««»  7518.02  4437.41  2570.1: 


5024.96  5967.15 


8338.49  4606.12  2196.04  076.2^  1223.07  2854.04  3526.46 


6719.60  3388.85  1274.55  r^3.4; 


915.81  2067.00  2598.33 


6234.45  3028.91  1002.57  G\,07}  846.63  1856.72  2342.53 

5766.82  2683.93  744.07  /^OM^  793.83  1667.13  2107.84 


4427.25  1713.26 


?6.3T^  324.76  785.30  1204.25  1511.96 


307.70 


2349.50  C409.61  J422.19  513.01  589.04  745.94  860.64 
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00010 

IND  AA  8E  3074.261 

«.C 

00020 

CAP  IB  PA  25.108 

00030 

IND  CC  8E  414  1130 

01 

00040 

IND  DD  PA  35.5 

00050 

IND  EE  8E  179.5 

OOOAO 

CAX  AA  EC  - 

00070 

PRI  AA  83 

00080 

END 

00090 

41.81 

43.92  46.15 

48.51 

50.62 

00100 

50.81 

51  51.19  51. 

38  53 

.61 

00110 

56.35 

59.22  62.21 

00120 

END 

00130 

50  0 

99.8  -80.2 

00140 

50  0 

75.6  -78 

00150 

SO  0 

58.2  -71.6 

00160 

50  0 

45.9  -63.9 

00170 

50  0 

37.2  -56.2 

00180 

50  0 

31  -49 

00190 

50  0 

26.4  -42.5 

00200 

50  0 

23  -36.4 

00210 

50  0 

20.5  -30.9 

00220 

50  0 

18.5  -25.8 

00230 

50  0 

17.1  -21 

00240 

50  0 

16  -16.5 

00250 

50  0 

15.2  -12.2 

00260 

END 
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POLAR  S-PARAMETERS  WITH  COMPLEX  LOAD 


F  MHZ  SOURCE  IMP. 

(R.JX)  OHMS 

LOAD 

IMP.  (R 

.JX>  OHMS 

41.810  ( 

50.00. 

0.0 

) 

< 

99.80. 

-80.20) 

43.920  ( 

50.00. 

0.0 

) 

< 

75.60. 

-78.00) 

46.150  ( 

50.00. 

0.0 

) 

( 

58.20. 

-71.60) 

48.510  ( 

50.00. 

0.0 

) 

< 

45.90. 

-63.90) 

50.620  < 

50.00. 

0.0 

) 

( 

37.20. 

-56.20) 

50.810  ( 

50.00. 

0.0 

) 

< 

31.00. 

-49.00) 

51.000  < 

50.00. 

0.0 

) 

< 

26.40. 

-42.50) 

51.190  < 

50.00. 

0.0 

) 

< 

23.00. 

-36.40) 

51.380  < 

50.00. 

0.0 

) 

< 

20.50. 

-30.90) 

53.610  ( 

50.00. 

0.0 

) 

< 

18.50. 

-25.80) 

56.350  ( 

50.00. 

0.0 

) 

< 

17.10. 

-21.00) 

59.220  < 

50.00. 

0.0 

) 

< 

16.00. 

-16.50) 

62.210  ( 

50.00. 

0.0 

) 

< 

15.20. 

-12.20) 

F 

Sll 

S21 

S12 

S22 

S21 

MHZ 

(MAGN<ANGL) 

( 

MAGN<ANGL ) 

(  MAGN<ANGL) 

(MAGNCANGL) 

DD 

41.8 

( 1 . 00< 

4) 

< 

0.04< 

14) 

<0.043<  14) 

<1.00<-154) 

-27.26 

43.9 

(1.00< 

3) 

< 

0.06< 

13) 

<0.064<  13) 

(1 .00 <-155) 

-23.90 

46.1 

<0.99< 

1 ) 

< 

0.11< 

6) 

<0.108<  6) 

(0.99<-16B> 

-19.36 

48.5 

<0.97< 

-2) 

< 

0.24< 

-13) 

<0.238<  -43) 

(0.97<  156) 

-12.49 

50.6 

<0.58< 

-9) 

< 

0.80< 

-84) 

<0.797<  -84) 

<0.54<  24) 

-1.97 

50.8 

<0.55< 

-8) 

< 

0.82<- 

102) 

<0.820<-102) 

(0.50<  -13) 

-1.72 

SJUfi. 

<0.45<^ 

_D.87<- 

^22) 

<0.873<-122) 

(0.39<  -56) 

-1.10 

51.2 

(0.35< 

21) 

< 

0.91<- 

<6.<^lb<-149) 

(0.28<-l4iT 

-0.B7 

51.4 

(0.57< 

45) 

( 

0.79< 

178) 

<0.791<  178) 

(0.55<  123) 

-2.04 

53.6 

<0.99< 

12) 

( 

0.12< 

122) 

<0.121<  122) 

<0.99<  51) 

-18.36 

56.4 

(1.00< 

8) 

< 

0.05< 

113) 

<0.047<  113) 

(1.00<  37) 

-26.55 

59.2 

(1.00< 

6) 

< 

0.03< 

108) 

<0.025<  108) 

(1.00<  29) 

-31.96 

62.2 

(1.00< 

6) 

< 

0.02< 

105) 

<0.016:;  105) 

(1.00<  24) 

-36.14 
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APPENDIX  D  flNTBHHA  STUDY 
D.l  ANTENNA  DESCRIPTION 


Antenna  Group  OE-2S4/GRC  is  a  VHF-FM  antenna  system  designed 
'  broadband  operations  without  field  adjustment  from  30  to  88 
MHz.  It  is  designed  for  use  with: 

AN/VRC-12 

AN/VRC-43-*49 

AN/VRC-53 

AN/VRC-64 

AN/GRC-125 

AN/GRC-160 

AN/PRC-25 

AN/PRC-77 

Its  primary  function  is  to  extend  the  range  of  coverage  of 
portable  and  mobile  radios  beyond  that  available  from  low 
elevation  whip  antennas. 

The  Principal  Components  are: 

Antenna  A5-3166/GRC 

Mast  AB-1244/GRC 

Cable  Assy  GC-1889  B/U  (80  feet) 

Comments  on  the  Antenna  are: 

.  The  data  provided  shows  the  impedance  as  measured  at 
the  input  to  a  50  foot  length  of  RG  213/U  coaxial  cable 
which  is  connected  to  the  erected  antenna.  Fielded 
antennas  will  use  an  80  foot  length  with  an  equivalent 
in  air  of  116  feet,  because  of  the  dielectric  constant 
of  2.06.  Thus  the  fielded  cable  is  3.5  wavelengths  at 
30  MHz,  and  10.4  wavelengths  long  at  88  MHz. 

Figure  D-1  shows  the  electrical  performance  parameters, 
and  a  mechanical  sketch  of  the  erected  antenna. 

.  Figure D- 2  is  a  Smith  Chart  conqpilation  of  points  of 
the  impedance  zieasured  at  the  input  of  a  50  foot  cable. 
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Table  D-1  is  a  compilation  of  the  above  data  All  of  the 
above  except  Figure  Dl  were  supplied  by  CORADCOM. 

The  data  from  Table  D-1  is  plotted  in  Figures  D- 3  and  D- 4. 
These  figures  show  a  definite  periodicity  approximately 
every  6  MHz.  This  periodicity  is  not  entirely  due  to 
the  antenna  itself,  but  is  enhanced  by  the  cable. 
Figure  d-3  shows  that  the  average  resistance  is  indeed 
close  to  50  ohms.  Figure  d-4  shows  that  the  reactive 
component  changes  rapidly  from  inductive  to  capacitive. 
Indicating  rapid  revolution  around  the  Smith  Chart. 


A  3.5:1  VSWR  will  have  a  severe  effect  on  the  performance 
of  a  high  Q  tuned  circuit. 


Freq. 

NHc 

F  (ohms) 

8  degrees 

R  (ohms) 

X  (ohms) 

Unloaded 

Q 

30 

65 

-63 

29.5 

57.9 

1.95 

32 

17.5 

+40 

13.4 

11.24 

.84 

34 

125 

+44 

89.91 

86.83 

.97 

36 

54 

-56 

30.2 

-44.17 

4.48 

38 

21.5 

+  35 

17.6 

12.33 

.70 

40 

105 

+  37 

83.86 

63.19 

.75 

42 

54 

-49 

35.42 

-40.75 

1.15 

44 

20 

+32 

16.96 

10.59 

.62 

46 

104 

+43 

76.06 

70.93 

.93 

48 

54 

.50 

34.71 

-41.37 

1.19 

50 

22.5 

+28 

19.87 

10.56 

.53 

52 

92 

+  36 

77.43 

54.08 

.70 

54 

52 

-40 

39.83 

33.42 

.84 

56 

25 

+22 

23.18 

9.365 

.40 

58 

86 

+33 

72.02 

46.84 

.65 

60 

50 

-41 

49.08 

-9.54 

.194 

62 

28 

+29 

24.49 

13.57 

.55 

64 

92 

+20 

86.45 

31.46 

.36 

66 

42 

-30 

36.37 

-21 

.58 

68 

37 

+34 

30.67 

20.69 

.67 

70 

80 

+2 

79.45 

2.79 

.035 

72 

39 

-16 

37.49 

_40.79 

.29 

74 

39 

+34 

32.33 

21.81 

.67 

76 

90 

-1 

90 

-1.57 

.02 

78 

33 

-15 

31.88 

-8.54 

.26 

80 

43 

+17 

37.54 

28.29 

.75 

82 

41 

-5 

90.65 

-7.93 

.09 

84 

30 

-21 

28 

-10.75 

.39 

86 

45 

+  50 

28.92 

34.47 

1.19 

88 

120 

-19 

113.5 

-39.1 

.344 

TABLE  D-1  AN  3166/GRC  Antenna  Impedance 
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D.2  ANTENNA  IMPACT  ON  SYSTEM  DESIGN 

.  The  first  quarterly  report  described  a  potentially  serious 
degradation  of  performance  caused  by  load  (antenna  + 
cable)  VSWR's  of  about  3.5:1.  This  problem  was  recognized 
in  the  proposal,  which  described  the  use  of  compensating 
networks  to  maintain  the  proper  impedance  level  at  the 
filter  terminals.  At  that  time,  the  antenna  charac¬ 
teristics  were  unknown,  it  had  been  merely  described 
as  a  broadband  antenna. 

.  The  description  of  the  antenna  characteristics  in  the 
previous  section  has  raised  several  important  issues 
which  are  listed  below: 

.  Need  to  include  VSWR  measuring  circuits 
.  If  so,  what  tuning  philosophy  is  best? 

.  The  TD1288  system  is  manually  tuned  by  the  operator 

whenever  necessary.  This  automatically  corrects  for  the 
above  antenna  problem  by  minimizing  the  reflected  RF  power 
in  each  of  the  5  channels.  In  a  later  analysis,  it  is 
shown  that  the  complex  nature  of  the  antenna  itself,  and 
the  multiplying  effect  of  the  cable,  produce  severe  imped¬ 
ance  changes  at  the  cable  input  for  relatively  small  changes 
in  the  cable  length. 
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.  Knowledge  of  the  actual  channel  to  channel  isolation  of 
the  TD1288,  when  operated  into  the  AS-3166/GRC  antenna 
would  be  desirable. 

d.3  analysis  of  antenna  parameter  variation 

Figure  0-6,  shove  that  changes  of  +10%  in  the  antenna 
impedance  do  not  cause  severe  variations  in  the  impedance 
measured  at  the  input  of  the  cable.  These  input  varia¬ 
tions  are  generally  within  +10%  of  the  original  value. 

The  critical  parameter  regarding  the  variation  of  the  in¬ 
put  impedance  of  the  cable  is  Bl,  the  phase  angle  of  lag, 
or  the  cable  delay,  in  degrees. 

Bl  r  oL'n*-^  Ik 
"K- (air) 

The  physical  length,  and  the  square  root  of  the  dielectric 
constant  are  the  only  two  variables  involved.  Dimensional 
tolerance  variations  in  either  of  these  parameters  has  a 
severe  effect  on  the  cable  input  impedance,  and,  therefore, 
on  the  performance  of  the  single  antenna  FHMUX.  This  is 
vividly  shown  in  Figure  D-7,  which  plots  impedance  varia¬ 
tions  caused  by  a  +  2%  change  in  the  physical  length 
of  the  cable.  Thus,  the  electrical  length  of  the  cable 
is  critical  to  the  operation  of  the  single  antenna  FHMUX. 

Some  factors  which  affect  the  electrical  length  are  listed 
below: 

.  Temperature  coefficient.  As  the  temperature  rises,  the 
electrical  length  decreases  and  there  may  be  a  hysterisis 
effect  when  the  temperature  falls. 
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RG  223/U  (solia  polyethylene)  will  change  by  3600  parts 
per  million  in  length  as  ten^erature  is  varied  from  50 
to  90  degrees,  farenheit.  This  is  a  change  of  -0.34 
percent,  a  significant  amount,  as  shown  in  the  previous 
figure.  This  is  the  normal  variation  of  temperature 
expel.  ced  on  a  summer  day,  and  may  have  some  implica- 
'  ons  fur  practical  operation  of  the  TD  1288  system. 

.  Temperature  stability,  change  with  time  or  storage. 

.  Flexure 

.  Frequency,  or  non-linear  change  over  bandwidth. 

.  Humidity 
.  Tension 

.  Cutting,  or  error  due  to  variation  of  dielectric  constant 
.  Measurement  error 

Phase  compensated  cables  exhibit  much  better  performance 
in  this  regard,  namely  only  300  parts  per  million  variation 
in  electrical  length  from  +50  to  +70  degrees  Farenheit,  or 
.03%.  These  are  usually  semi- flexible,  and  cut  to  precise 
lenghts . 

ANTENNA  COMPENSATION 

d.4  possible  value  of  phase  correction 

In  a  previous  section,  doubts  were  placed  on  the  actual 
cable  length  used  in  the  measurement.  The  actual  antenna 
impedance  rotates  clockwise  around  the  Smith  Chart  about 
4-1/2  times,  as  the  frequency  is  varied  from  30  to  88  MHz. 
Also,  the  actual  antenna  VSWR  is  about  9:1,  and  its  effect 
is  softened  by  the  cable  attenuation. 
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The  antenna  itself,  is  center  fed,  and  is  thus  reasonably 
unaffected  by  nearby  loading  effects,  as  compared  to  an 
end  fed  ground  plane  antenna. 

Variations  in  the  phase  shift  of  the  cable  have  profound 
effect  on  the  impedance  at  the  input  of  the  cable.  It  is 
interesting  to  note  that  if  a  more  stable  cable  were  used, 
and  if  it  had  a  lower  loss,  this  could  result  in  a  higher 
VSWR  at  the  cable  input,  and  the  3.5:1  VSWR  specification 
might  not  be  met. 

Initial  consideration  was  given  to  greatly  reduce  the 
imit  to  unit  variations  of  the  cable  and  antenna  assembly, 
2md  thus  enable  a  simpler  single  antenna  FHMUX.  Namely, 
the  antenna  impedance  might  not  have  to  be  rigorously 
measured.  A  preliminary  procedure  to  accomplish  this  was 
determined  as  follows: 

Collect  statistical  data  on  as  many  antennas  as  possible, 
review,  final  reports,  and  determine  as  accurately  as 
possible,  the  average  values  of  the  antenna  impedances, 
including  weather  effects. 

Ascertain  the  possibility  of  field  retrofit  of  the  antennas 
to  add  a  small  trimmer  element  which  could  make  the  antennas 
more  alike. 

Determine  whether  it  is  possible  to  replace  the  RG  213 
with  a  more  stable  cable,  and  compensate  for  the  difference 
in  loss. 

Calibrate  the  FHMUX 's  in  production  against  a  "standard 
load"  and  provide  means  to  correct  for  phase  differences 
in  the  cable. 
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A  block  diagram  of  a  possible  phase  correcting  FHMUX  is 
shovm  in  FigureD-8.  From  early  discussion,  we  can  assume 
that  the  adjustable  length  of  air  line  is  to  be  manually 
adjusted.  When  properly  set,  it  is  left  untouched  until 
calibration  is  needed  again. 

At  band  edges  and  at  mid-band,  the  adjustable  air  line  can 
be  set,  and  at  these  frequencies  an  indication  of  forward 
and  reflected  power  can  be  read  by  the  reflectometer ,  in  one 
of  the  channels,  and  VSWR  computed  by  the  computations 
and  control  circuit. 

During  tuneup,  it  is  desirable  to  protect  the  transmitter. 

If  the  filters  inside  the  quadrature  couplers  are  correctly, 
tuned,  this  assembly  will  only  provide  load  isolation 
caused  by  the  loss  of  the  assembly.  The  quad  coupled  filter 
assembly  is  a  reciprocal  circuit  in  this  regard.  If  the 
filters  are  off  frequency,  but  similar  in  impedance,  the 
load  isolation  is  proportional  to  the  off  frequency  isolation. 

Thus,  in  the  tuneup  mode,  it  is  desirable  to  slightly 
detune  the  first  filter  section  to  provide  load  isolation, 
but  still  allow  enough  RF  energy  into  the  output  section 
to  allow  accurate  calibration. 

This  scheme  provides  a  means  of  standardizing  the  antenna 
load,  and  effects  a  simple  way  to  accomplish  it.  It  does 
not  afford  great  precision,  or  optimum  performance,  but 
is  simple. 

Recent  information  tends  to  disallow  this  approach,  in  that 
field  operation  often  calls  for  widely  varying  cable  lengths. 
Also,  this  approach  tends  to  limit  the  FHMUX  to  operation 
with  one  antenna  type. 
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d.5  the  self-calibrating  single  antenna  fhmux 

The  following  discussion  presents  a  preferred  alternate 
to  the  antenna  standardization/phase  correction  scheme 
previously  discussed.  For  various  reasons  the  phase 
correction  scheme  is  not  acceptable.  The  self-calibrating 
approach  is  more  complex,  but  would  provide  optimum 
performance  of  a  single  antenna  FHMUX  despite  antenna 
loading. 

As  mentioned,  relatively  small  variations  in  the  cable 
delay  can  cause  severe  changes  in  the  impedance  seen 
by  the  FHMUX.  Thus  a  system  with  two  modes  of  operation 
seems  most  feasible.  These  modes  are  calibrate  and 
operate.  Circuitry  would  be  provided  to  measure  impedance, 
and  use  the  data  to  correct  the  output  resonator  such 
that  an  acceptable  impedance  match  is  obtained. 

An  additional  consideration  was  the  need  for  a  42%, 

-40  dB  RF  system  bandwidth.  As  discussed  earlier,  3 
cascaded,  high  Q  resonators  will  provide  this  selectivity. 

If  the  output  resonator  is  not  precisely  aligned,  the  RF 
insertion  loss  will  be  unacceptably  high. 

The  scheme  presented  will  retain  the  frequency  hopping 
features  of  the  proposal. 

D.6  advantage  of  SELF-CALIBRATION 

The  addition  of  low  loss  coaxial  switches,  and  a  30  -  88 
MHz  low  power  synthesizer  can  greatly  increase  the 
utility  of  the  FHMUX.  Some  of  these  advantages  are 
listed: 

.  The  FHMUX  can  stand  alone  regarding  alignment  and  calibra¬ 
tion,  and  not  require  "handshaking"  with  the  driving 
transceivers.  This  will  eliminate  many  troublesome  interface 
problems. 
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.  It  may  be  possible  to  calibrate  a  given  channel  (or 

channels)  while  other  channels  are  in  use  by  the  driving 
transceivers. 

.  The  self-calibrate  sequence  can  be  relatively  simple, 
because  the  input  filter  section  does  not  have  to  be 
"pulled”  off  frequency  to  provide  isolation  for  the 
driving  transmitter. 

.  There  is  never  any  danger  of  damaging  the  transmitters 
in  the  calibrate  mode  because  they  are  not  required. 

.  The  cost  impact  of  this  added  utility  is  low. 

The  procedure  described  in  the  next  section  is  preliminary 
in  nature,  but  will  serve  to  illustrate  the  flexibility 
that  can  be  added  to  the  FHMUX. 

d.7  block  diagram  description 

Figure  D-9is  a  preliminary  block  diagram  of  a  self-cali¬ 
brating  FHMUX. 

The  two  input  filter  sections  will  be  factory  aligned  and 
need  not  be  compensated  for  variations  in  antenna  impedance. 
It  is  not  intended  that  these  units  be  aligned  or  calibrated 
in  the  field. 

As  shown  in  Figure  0-9,  each  channel  output  resonator/ 
combiner  section  is  preceeded  by  a  low  loss  coaxial  switch. 
In  the  "operate"  mode,  the  RF  path  between  the  input  filters 
and  the  output  resonator /combiner  is  closed,  and  the  FHMUX 
is  functional.  In  the  "calibrate"  mode,  the  switch 
connects  the  VCO  section  of  a  low  power  synthesizer  to 
the  output  resonator/combiner.  Thus,  there  are  5  of  these 
VCO's;  the  tuning  voltage  and  the  RF  sample  are  "time 
shared"  with  the  phase  locked  loop.  The  use  of  a  single 
phase  locked  loop  with  switched  multiple  VCO's  greatly 
simplifies  the  RF  switching  scheme. 
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The  use  of  the  low  loss  coaxial  switches  will  enable 
calibration  to  proceed  without  the  need  to  add  or  remove 
2uiy  cables. 

Thus,  in  the  calibrate  mode,  a  low  level  RF  signal,  at 
the  desired  frequency,  is  injected  into  one  channel  of 
the  FHMUX,  and  enters  an  RF  impedance  measuring  circuit 
which  measures  the  impedance  of  the  output  resonator/ 
combiner  and  the  antenna,  and  provides  an  indication  of 
whether  the  output  resonator/combiner  is  properly  aligned 
to  match  the  antenna.  The  impedance  of  the  antenna  itself 
is  not  measured,  but  circuit  action  will  tune  the  output 
resonator  and  combiner  such  that  the  impedance  seen  by 
the  filter  sections  is  acceptably  close  to  50  ohms. 

D.8  ALIGNMENT  PROCEDURE 

There  are  two  modes  of  operation;  operate  and  calibrate. 
Once  the  calibration  is  performed,  the  alignment  data 
for  each  frequency  channel  is  stored  and  made  ready 
for  instant  use  in  the  operate  mode.  No  alignment  or 
optimization  is  performed  when  in  the  operate  mode. 

The  need  to  calibrate  the  system  may  occur  fairly  often. 

As  mentioned,  temperature  effects  can  cause  the  phase 
shift  of  the  80  foot  cable  to  vary  considers’'! during 
the  course  of  the  day.  When  calibration  is  deemed 
necessary,  the  command  is  given  to  the  computational 
circuitry  (CC) ,  along  with  the  identity  of  the  FHMUX 
channel  to  be  calibrated,  and  the  frequency  information 
relevant  to  the  particular  transceiver  NET  used  with 
this  FHMUX  channel.  This  frequency  data  is  changed  into 
the  identical  format  as  that  received  from  the  transceivers 
when  the  FHMUX  is  in  the  operate  mode.  After  the  frequency 
data  is  logged  in,  the  following  events  occur,  all  under 
control  of  the  CC. 
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The  appropriate  coaxial  switch  is  placed  in  the  calibrate 
position,  enabling  the  VCO  signal  to  enter  the  chosen 
FHMUX  channel. 

The  low  power  synthesizer  and  the  desired  VCO  are  locked 
up  on  the  correct  frequency. 

The  CC  provides  initial  data  to  the  channel  switch  control 
(CSC)  to  preset  the  output  resonator/combiner  to  a  nominal 
value.  The  combined  action  of  the  CC  and  CSC  will  then 
iteratively  adjust  the  output  section  for  the  best  possible 
impedance  match. 

The  above  process  will  be  repeated  for  each  frequency  to 
be  used  in  the  channel.  The  data  obtained  is  then  stored 
in  the  CC  for  use  in  the  operate  mode. 

Because  of  the  narrow  system  RF  bandwidth  and  expected 
manufacturing  tolerances  individual  calibration  of  each 
of  the  FHMUX  channels  will  be  required  rather  than  using 
the  calibration  data  for  any  of  the  channels. 

It  may  be  desirable  to  calibrate  more  than  one  channel 
at  a  time,  if  so,  the  flexibility  of  this  system  enables, 
the  following: 

The  CC  could  arrange  the  desired  frequencies  in  any  desired 
order,  along  with  the  associated  FHMUX  channel  I.D. 
Calibration  could  begin,  and  the  CC  could  align  the  FHMUX 
channels  in  a  random  or  other  pattern,  such  that  a  partic¬ 
ular  set  of  frequencies  could  never  be  identified  as  being 
part  of  a  particular  net.  This  would  be  an  additional 
safeguard  for  network  security. 

Alternate  configurations  undoubtedly  exist  which  offer 
advantages  over  the  scheme  outlined  above.  The  main 
point  herein  is  that  a  programnable  signal  source 
can  enable  the  FHMUX  to  stand  alone  to  provide 
a  necessary  calibration  operation. 
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9  IMPEDANCE  MEASUREMENT  TECHNIQUES 

There  are  two  basic  methods  of  measuring  impedance, 
namely,  the  well  knovm  ref lectometer  method  and  that 
of  an  El  cos  JS  sensor.  The  ref lectometer  method  makes 
use  of  relatively  large  expensive  directional  couplers, 
and  computes  the  complex  reflection  coefficient.  The 
reflected  RF  voltage  is  divided  by  the  incident  RF 
voltage,  and  the  phase  angle  between  them  is  also 
measured.  An  important  disadvantage  is  that  under 
nearly  matched  conditions,  the  reflected  voltage  is 
very  low,  and  may  even  be  in  the  noise  level.  Thus 
fine  tuning  in  the  near  matched  case  is  difficult. 

The  El  cos  technique  was  fully  described  in  an 
appendix  to  the  proposal,  and  is  the  favored  approach 
for  use  in  the  calibrate  mode.  It  is  more  accurate 
in  the  near  match  case  than  the  ref lectometer ,  can  be 
made  smaller,  and  will  cost  less.  It  also  enables  easy 
computation  of  the  real  power  delivered  to  any  load  to 
which  it  is  connected.  This  is  of  great  importance 
in  any  antenna  matching  scheme. 

•10  OPERATIONAL  SCENARIO 

This  scenario  is  based  on  the  following  FHMUX  capabilities 

.  A  single  antenna  FHMUX  is  used,  but  this  need  not  be 
firm  at  this  time. 


.  All  FHMUX  calibrate  circuits  are  internal  to  the  FHMUX, 
including  a  low  level  programmable  synthesizer. 

.  No  high  power  emissions  occur  in  the  calibrate  mode, 
typical  calibrate  emissions  may  be  -20  to  0  dBm.  If 
desired,  some  form  of  modulation  could  be  used  as  a 
means  of  deception. 
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The  FHMUX  is  installed  at  the  site,  or,  in  some  form  of 
vehicle.  The  antenna  is  connected  to  the  FHMUX.  Any  antenna 
cable  length  is  acceptable,  the  only  requirement  is  that 
the  VSWR  looking  "into"  the  cable  be  about  3.5.1,  or  less, 
and  a  center-fed  antenna  is  preferred  to  reduce  loading 
effects. 

Up  to  5  frequency  hopping  transceivers  are  put  in  place, 
and  the  5  RF  input/output  cables  from  the  transceivers 
are  connected  to  the  RF  connectors  on  the  FHMUX.  Next, 
the  cables  which  carry  the  frequency  word  data,  and  the 
transmit  -  receive  status,  are  connected  between  the 
transceivers  and  the  correct  FHMUX  receptacle.  The  system 
is  now  ready  for  calibration.  The  transceivers  are  not 
needed  for  this  operation  and  are  best  left  in  an  unpowered 
state.  The  FHMUX  is  energized  and  antenna  calibration 
action  begins.  At  some  RF  frequency  in  the  band,  a  low 
level  programmable  synthesizer  is  energized  and  performs 
an  RF  impedance  measurement.  In  an  iterative  manner  the 
reactive  elements  in  the  FHMUX  are  configured  for  optimum 
match  to  the  antenna  in  use.  The  digital  control  informa¬ 
tion  thus  obtained  for  the  best  match,  is  stored  along 
with  the  associated  digital  RF  frequency  word.  The  cali¬ 
bration  process  continues  until  all  programmed  frequencies 
have  been  covered  and  stored. 

Whether  this  channel  calibration  is  suitable  to  the  remaining 
four  channels  will  depend  primarily  on  manufacturing 
tolerances.  Thus  the  remaining  four  channels  can  be  like¬ 
wise  calibrated  even  in  random  manner  if  desired  for  security 
reasons.  In  any  event  only  low  level  signals  are  radiated, 
and  the  FHMUX  operates  independently  from  the  transceivers. 

When  calibration  is  complete,  a  set  of  calibration  data  is 
stored  alongside  the  digital  frequency  word,  for  each  RF 
frequency  that  is  to  be  used  in  a  any  of  the  5  transceiver 
channels. 
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with  the  microprocessor  techniques  currently  available, 
this  function  could  be  accomplished  in  a  manner  of  minutes. 
Once  calibrated,  the  system  is  operable,  and  only  need  be 
recalibrated  if  the  antenna  is  changed,  or  as  a  routine 
performance  check . 

To  operate  the  system,  the  FHMUX  is  placed  in  the  operate 
mode,  and  the  transceivers  are  energized.  Each  trans¬ 
ceiver  will  provide  the  FHMUX  with  a  digital  word  (which 
identifies  the  next  frequency  to  be  used)  during  the 
dwell  period.  During  this  dwell  time  the  FHMUX  looks 
up  the  desired  control  data,  and  up  on  command  aligns  the 
FHMUX  for  this  new  frequency.  No  optimization  or  calibra¬ 
tion  occurs  during  the  operate  mode.  Thus,  each  transceiver 
can  operate  in  a  frequency  hopping  mode  into  an  antenna 
circuit  that  is  now  well  matched. 

If  the  system  is  installed  in  a  vehicle  and  the  antenna 
properly  calibrated  the  use  of  a  center  fed  antenna  will 
serve  to  reduce  the  effects  of  a  changing  near  field 
environment.  The  short  duration  perturbations  of  antenna 
characteristics  caused  by  near  field  changes  due  to  vehicle 
motion  will  most  likely  cause  some  detuning  effects,  but 
in  the  major  portion  of  time  the  antenna  will  remain  tuned 
and  over  all  systems  performance  enhanced. 

The  matter  of  frequency  collision  avoidance,  channel 
priority,  and  guard  bandwidth  are  discussed  in  other  sections, 
as  well  as  the  means  of  combining  the  transceivers  to  common 
antenna . 

Thus  it  is  seen  that  use  of  low  RF  level  calibrating  signals 
can  extend  the  use  of  the  FHMUX  to  accommodate  many  diff¬ 
erent  antenna  systems  and  environments. 
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Only  a  short  period  of  time  is  needed  for  calibration, 
and  once  this  is  performed  the  only  a-prior  knowledge 
required  from  the  transceivers  is  the  next  frequency  word, 
the  "hop  command",  and  an  indication  of  transmit/receive 
state . 
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1  DELET-D 
1  DELSD-L 
1  DELSD-D 
*2  DELSD-L-S 


*  Furnish  only  unclassified  reports 


712  R.  C.  Hansen,  Inc. 

PO  Box  215 

001  Tarzana,  CA  91356 

714  Dynalectron  Carp 

GIDEP  Engineering  &  Support 

Department 

PO  Box  398 

001  Norco,  CA  91760 


701  MIT-Lincoln  Lab 

ATTN:  Library  <Rm  A-082) 

PO  Box  73 

002  Lexington.  MA  02173 

703  NASA  Scientific  ti  Tech  Info  Facility 
Baltimore/Washington  Inti  Airport 

001  PO  Box  8757.  MD  21240 

704  National  Bureau  of  Standards 
Bldg  225.  RM  A-331 
ATTN:  Mr.  Leedy 

001  Washington,  DC  20231 

706  Advisory  Group  on  Electron  Devices 
ATTN:  Secy,  Working  Grp  D  (Lasers) 
201  Varick  Street 

002  New  York,  NY  10014 

707  TACTEC 

Battelle  Memorial  Inst 
505  King  Ave 

001  Columbus,  OH  43201 

709  Plstlcs  Tech  Eval  Ctr 
Picatinny  Arsenal,  Bldg  176 
ATTN:  Mr.  AJd.  Anzalone 

001  Dover,  NJ  07801 

710  Ketron,  Inc. 

1400  Wilson  Blvd,  Architect  Bldg 
002  Arlington,  VA  22209 


681  Commander,  CECOM 

Fort  Monmouth ,  NJ  07703 

1  DRSEL-PPA-S 
1  DRSEL-COM-D 
1  DRSEL-TCS-B 
1  ERSEL-PL-ST 
1  DRSEL-MA-MP 
1  DRSEL-LE-RI 
1  DRSEL-PA 
1  DRSEL-LE-C 
3  imSEL-COM 
25  DRSEL-COM-RN 


